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ABSTRACT OF DISSERTATION

THE DEFAULT MODE NETWORK AND EXECUTIVE FUNCTION: INFLUENCE OF AGE,
WHITE MATTER CONNECTIVITY, AND ALZHEIMER’S PATHOLOGY
The default mode network (DMN) consists of a set of interconnected brain regions
supporting autobiographical memory, our concept of the self, and the internal monologue.
These processes must be maintained at all times and consume the highest amount of the
brain’s energy during its baseline state. However, when faced with an active, externallydirected cognitive task, the DMN shows a small, but significant, decrease in activity. The
reduction in DMN activity during the performance of an active, externally-directed task
compared to a baseline state is termed task-induced deactivation (TID), which is thought to
‘free-up’ resources required to respond to external demands. However, older adults show a
reduced level of TID in the DMN. Recently, it has begun to be appreciated that this decrease
in TID may be associated with poorer cognitive performance, especially during tasks placing
high demands on executive function (EF). Diminished DMN TID has not only been
associated with increasing age but also with multiple age-related neurobiological correlates
such as accumulating Alzheimer’s disease (AD) pathology and reductions in white matter
(WM) connectivity. However, these biological factors—age, WM connectivity reductions and
increasing AD pathology—are themselves related. Based on the literature, we hypothesized
that declining WM connectivity may represent a common pathway by which both age and
AD pathology contribute to diminished DMN TID. Further, we hypothesized that declines in
DMN function and WM connectivity would predict poorer in EF. Three experiments were
carried out to test these hypotheses. Experiment 1 tested whether WM connectivity
predicted the level of DMN TID during a task requiring a high level of EF. Results from 117
adults (ages 25-83) showed that WM connectivity declined with increasing age, and that this
decline in WM connectivity was directly associated with reduced DMN TID during the task.
Experiment 2 tested whether declines in WM connectivity explained both age-related and
AD pathology-related declines in DMN TID. Results from 29 younger adults and 35 older
adults showed that declining WM connectivity was associated with increasing age and AD
pathology, and that this decline in WM connectivity was a common pathway for diminished
DMN TID associated with either aging or AD pathology. Experiment 3 investigated whether
measures of WM connectivity and DMN TID at baseline could predict EF measured using
clinically-used tests. Results from 29 older adults from Experiment 2 showed that less DMN
TID predicted poorer EF at baseline and diminished WM connectivity at baseline predicted a
greater decline in EF after 3 years. Further, WM connectivity explained reductions in EF
predicted by baseline AD pathology, as well as further reductions in EF not predicted by
baseline AD pathology. Together the results of these studies suggest that WM connectivity
is a key pathway for age-related and AD pathology-related patterns of diminished DMN TID

associated with poorer EF. Further, WM connectivity may represent a potential therapeutic
target for interventions attempting to prevent future declines in EF occurring in aging and
AD.
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1. Background and Introduction
Human aging is associated with alterations in brain structure and function, declines in
cognition, and increases in various neurological pathologies. Executive function (EF) is
among the most vulnerable cognitive domains in aging, with significant declines observed
across the lifespan (1–4). Further, EF is negatively impacted in the two most common forms
of neurological pathology in older adults: Alzheimer’s disease (AD) and cerebrovascular
disease (CVD) (5–7). Importantly, these declines are also associated with poorer quality of
life and reduced functional independence (8,9). EF underlies the capacity for the flexible and
adaptive thought processes that are integral to human cognition (10). These processes
include maintenance and manipulation of information, switching between goal sets, and
inhibiting interfering stimuli and automated responses (10).
In practice, EF is measured through the use of cognitive tests of specific component
processes or through more general neuropsychological assessments. Functional
neuroimaging experiments often utilize task-switching, verbal or visual working memory
(including n-back tasks), and cognitive control tasks (such as the Stroop task) (11–13).
Neuropsychological tests of EF typically place demands on multiple EF processes and
include tests such as the Trailmaking Tests, Digit Symbol Test, Digits Backward test, and
FAS word generation tests (14–16). Through the use of both specific cognitive tests and
neuropsychological tests, declines in EF have been observed in aging, AD, and CVD
(1,2,7,15,17,18).
Most of the research seeking to understand alterations in brain structure and function
associated with EF declines have investigated the frontoparietal control network (FPCN)
(19–21). The FPCN consists of portions of the frontal and parietal cortices that are
functionally active during tasks placing high demands on EF (22–24). Older adults reliably
show altered functional responses in the FPCN compared to younger adults (24). In
1

particular, older adults often show increased activity in the FPCN compared to younger
adults during tasks placing demands on EF, but this increased activity is often associated
with poorer performance on EF tasks (25–27). This has led researchers to suggest that
increased activity in the FPCN in aging is either a sign of reduced efficiency or a failed
attempt at compensation (25,27,28). While these studies have provided valuable insight into
functional alterations contributing to EF declines in older adults, other brain networks may
also play an important role.
Specifically, diminished functional responses in the default mode network (DMN) are
consistently observed in older adults. The DMN is unique in that it shows less activity during
nearly all attention-demanding, externally-directed cognitive tasks compared to rest. It is
beginning to be understood that failing to decrease activity in the within the DMN during EF
tasks may be related to task performance (26,29,30). Nonetheless, the role of the
diminished functional response in the DMN in EF declines are relatively understudied, and
exactly how this diminished response is associated with cognition is poorly understood
(29,31). The current dissertation will explore the relationship between altered functional
responses in the DMN and executive function (EF) declines observed in aging. Experiment
1 will assess the specificity of the relationship between DMN function and EF through the
use of a low and high EF demand task. Experiments 2 and 3 will seek to extend these
findings to new tasks and explore relationships with longitudinal change in EF. By testing the
relationship between DMN activity and performance on a variety of tasks placing demands
on EF, it will be possible to assess how DMN function relates to EF in older adults.
Due to the potential cognitive consequences of altered DMN function, structural
mechanisms contributing to decreased DMN function will be explored. While a multitude of
physiological and molecular alterations both inside and outside of the central nervous
system may contribute to altered patterns of brain function, the present dissertation will
2

focus on structural mechanisms that are detectable using neuroimaging or measurement of
pathological proteins. Through the use of multivariate analyses processes associated with
normal aging, Alzheimer’s disease (AD), and cerebrovascular disease (CVD) that may
contribute to altered DMN function in older adults will be investigated simultaneously.
Experiment 1 will investigate the potential role of a previously unexplored contributor, white
matter (WM) microstructure, to DMN functional declines in aging. Experiment 2 will
determine the role of altered WM microstructure in both age-related and pathology-related
declines in DMN function. Finally, Experiment 3 will investigate the ability of these various
age-related and pathology-related mechanisms to predict longitudinal change in EF.
The following sections in this chapter will provide context for the present dissertation
by first describing the discovery and characterization of the DMN. Next, the cognitive and
physiological consequences of altered DMN function will be discussed, followed by an
overview of potential mechanisms contributing to altered DMN function. A detailed
description of WM microstructure and multivariate analyses will provide background on the
key techniques employed in this dissertation. Finally, these sections will be summarized and
placed into the context of the aims of the present dissertation.
1.1. The Discovery of the DMN
In the 1990s, cognitive neuroscience utilized neuroimaging techniques in an attempt to
functionally map the human brain. Regions involved in various cognitive tasks could be
identified by using functional neuroimaging to locate areas where greater activity was
observed during a task compared to a resting or baseline condition. These so-called areas
of “activation” were met with great excitement as the brain could be functionally mapped and
segregated based on tasks during which a region was activated (32). In addition, to these
areas of activation, some brain regions showed a reverse pattern with less activity during
the task compared to baseline (33–35). Some of these decreases in activity were thought to
3

represent inhibition of sensory processes that might interfere with task performance (i.e.
inhibition of auditory stimuli during a visual task) (33,34). However, other regions were not
part of a well understood brain system and appeared to show reduced activity during a
variety of tasks compared to baseline.
In 1997, Shulman and colleagues published a seminal paper in which they
demonstrated that a consistent set of brain regions showed this pattern of “deactivation”
during tasks across multiple cognitive domains, sensory modalities, and difficulty levels (35).
However, it was still unclear if these deactivations simply represented a return to a baseline
level of activity from an activated state during the resting/baseline condition. If this was the
case, it could indicate a major flaw in the design of functional neuroimaging experiments, as
the baseline conditions being used would not represent a true baseline or control state (36).
In an attempt to answer this question, Raichle and colleagues performed a series of
experiments to demonstrate that the oxygen extraction fraction was uniform across the brain
during the baseline conditions of neuroimaging studies. Thus, the baseline condition
represented a homeostatic state with oxygen supply matching oxygen demand (37). Further,
the set of regions consistently showing deactivation were those that were the most active in
the baseline state. Therefore, they hypothesized that these regions were responsible for
functions ongoing during the baseline state, a so-called “default mode” of brain function.
Thus the concept of the DMN was born.
1.2. Anatomy of the DMN
The DMN includes the midline precuneus/posterior cingulate cortex (pC/PCC) and ventralmedial prefrontal cortex (vMPFC), as well as bilateral portions of the lateral parietal/occipital
cortex (LPC/LOC), lateral temporal cortex (LTC), and dorsal-medial prefrontal cortex
(dMPFC) (Figure 1.1) (35,37,38). In addition, portions of the medial temporal lobe (MTL),
including the hippocampus (HC) and parahippocampal gyrus (PHG), also contribute to the
4

DMN (38). Comparative anatomy studies have found evidence of a homologous network in
non-human primates, rodents, and, to some extent, canines (39–41). Therefore, the DMN
appears to be an evolutionarily conserved network in mammals, although differences exist
between the DMN in each species. Further, the functions carried out by the DMN in rodents
and canines are unclear but may include some overlapping functions with those of the
human DMN or different cognitive functions.
More recently, diffusion tensor imaging (DTI) has been used to identify WM
pathways connecting DMN regions (see 1.7 for more details on DTI). Initial work by Greicius
et. al. (42) provided the first evidence of structural connection between the pC/PCC and
vMPFC, as well as between the PCC and HC. Technical limitations at the time limited the
ability to detect connections between other DMN regions, but advances in DTI have allowed
for mapping of WM pathways connecting the vMPFC and dMPFC, PCC and LOC/LPC, and
PCC/LPC/LOC and LTC/MTL (43–45). These connections include portions of the cingulum,
genu and splenium of the corpus callosum (CC), superior longitudinal fasciculus (SLF),
inferior longitudinal fasciculus (ILF), and inferior fronto-occipital fasciculus (IFOF) (42,44,45).
These WM pathways represent cortico-cortical association tracts and are primarily made up
of late maturing, lightly myelinated axonal bundles (46–48).

5

Figure 1.1. Anatomy of the DMN. Views of DMN regions overlaid on the lateral (left) and
medial (right) surfaces of the MNI152 2mm3 brain. The HC/PHG (blue) are roughly labeled
although they cannot be directly viewed on these images. dMPFC (yellow): dorsomedial
prefrontal cortex; LOC/LPC (light orange): lateral occipital/parietal cortex; LTC (green):
lateral temporal cortex; HC/PHG (blue): hippocampus/parahippocampal gyrus; PCC (red):
posterior cingulate cortex; vMPFC (dark orange): ventromedial prefrontal cortex.

1.3. Functional neuroimaging of the DMN
Functional neuroimaging of the DMN primarily relies upon 15O-H2O positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI). Both measures
indirectly assess brain activity via the hemodynamic response (HDR). The principles of the
HDR were first described in the late 19th century by Angelo Mosso and were experimentally
observed shortly thereafter by Sherrington and Roy (32,49). The Roy-Sherrington principle
states that increases in local functional activity lead to an increase in blood flow to that
region as a result of signaling pathways related to the “products of cerebral metabolism”
(49). 15O-H2O PET utilizes radioactively-labeled water to directly assess alterations in
cerebral blood flow (CBF) during a task compared to baseline over a period of several
minutes (50,51).

6

In contrast, fMRI utilizes the blood-oxygen-level-dependent (BOLD) signal to
indirectly assess brain activity. Differences in the magnetic properties of oxygenated and
deoxygenated hemoglobin produce detectable differences in T2* relaxation rates depending
on the ratio of oxy- to deoxy-hemoglobin (52). Following an increase in brain activity, CBF to
that region increases, bringing a large supply of oxygenated hemoglobin. However, the
increase in oxygen consumption is modest (12-17%) compared to the increase in oxygen
delivered to that region as a result of the HDR (~50%) because a majority of the increased
metabolism during tasks compared to baseline are in non-oxidative pathways (53,54). This
results in a net increase in the ratio of oxy- to deoxy-hemoglobin in regions that are more
active during the task, which can be detected via the BOLD signal (55–57).
Importantly, these increases in CBF and BOLD signal appear to most closely reflect
alterations in the local field potential (LFP), rather than spiking activity of neurons (58,59).
Therefore, brain activations reflect an increase in the overall input to a region during a task,
rather than increased output from that region. Conversely, brain deactivations reflect a
decrease in the overall input to a region during the task (60). Thus, both brain activation and
deactivation can be thought of as an indirect measurement of the degree to which synapses
of a given region are more or less active (i.e. an overall measure of neurotransmitter release
and recycling, action potentials from pre-synaptic neurons, post-synaptic potentials, and
other processes) during the task compared to baseline.
The initial discovery of the DMN was based upon the observation that a consistent
set of regions showed a pattern of deactivation in PET and fMRI studies regardless of the
cognitive task (35,61). Based on the physiology, these deactivations indicate less synaptic
activity in DMN regions during the cognitive tasks compared to baseline. The work by
Raichle et. al. demonstrated that these regions have the highest levels of CBF, glucose
metabolism, and oxygen consumption during the brain’s homeostatic baseline, which
7

indicates that the DMN is highly metabolically active at rest (37). Up to 80% of the brain’s
resting metabolism is devoted to synaptic processes related to neurotransmitter cycling (62–
64). Therefore, the high level of activity in the DMN during the resting state likely indicates
that a large amount of synaptic activity is ongoing during the brain’s homeostatic baseline.
Supporting this theory, Greicius et. al. demonstrated that activity in DMN regions at
rest is highly coordinated (65). A technique called resting-state fMRI (rs-fMRI), which was
first demonstrated by Biswal et. al. (66) to show coordinated activity within the motor system,
was used to measure spontaneous fluctuations in BOLD signal around a baseline level of
activity during rest. The time courses of these spontaneous fluctuations in DMN regions are
highly correlated, thus indicating a high level of resting-state connectivity (rsC) (Figure 1.2).
DMN rsC is a sign of highly coordinated signaling at rest, which likely facilitates information
exchange between DMN regions (65–67). Therefore, these findings provided even greater
evidence of important ongoing cognitive processes within the DMN during the brain’s
baseline state.

Figure 1.2. DMN resting state connectivity. Coordinated fluctuations in BOLD signal
around baseline between the PCC (blue) and MPFC (orange). Time elapsed is on the x-axis
and BOLD signal on the y-axis. The horizontal line represents average BOLD signal across
the time frame depicted. The high overlap in BOLD signal time series during the restingstate indicates highly coordinated signaling between regions. The correlation between these
time series is a measure of resting-state connectivity (rsC).
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1.4. Default Mode Functions
Shortly after their initial publication hypothesizing a “default mode” of brain function Gusnard
and Raichle (68) provided thoughts on the cognitive processes making up this default mode
of brain function based on functional neuroanatomy. The pC/PCC are thought to be involved
in surveillance of the environment, as well as in emotional processing (69,70), while the
vMPFC is thought to integrate emotional and cognitive processes (71,72). In addition,
LOC/LPC and LTC are involved in detection of novel stimuli and biological motion (73,74).
The dMPFC plays an important role in self-referential cognitive processes, stimulusindependent thoughts, and theory of mind (75–77). While not considered in the original
report, the HC and PHG are known to be crucial for encoding and retrieval of episodic
memory (78,79).
Together, these functions represent a core set of cognitive processes ongoing during
the brain’s baseline state. Since this original synthesis, DMN processes have expanded to
include visualization of the past, present and future self, internal dialogue, and day-dreaming
(38). Further, the DMN is activated during tasks of autobiographical memory and future
planning, emotional processing, and maintenance of the self (80,81). Due to these
observations, DMN processes are now thought to be primarily responsible for internallyfocused, self-referential cognitive processes, including autobiographical knowledge and
planning, maintenance and experience of the self, and mind-wandering. These processes
require the integration of memory, emotion, and sensory information in order to produce
these spontaneously-generated (or stimulus-independent) thought processes (80).
Another field of research has sought to understand how the DMN is impacted in
semi-conscious states. These studies have demonstrated that DMN function is reduced
during sleep (82,83), anesthesia (39,84), and minimally-conscious states (85,86). However,
DMN function is maintained to some extent in all of these states and is correlated with level
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of consciousness (87). In contrast, DMN function is lost in persistent vegetative states (85).
Further, the functional integrity of the DMN during semi-vegetative states predicts future
retention of the self and concept of agency (88). Together, these studies indicate that the
DMN plays a role in conscious processing and self-referential cognition. Further, the
maintenance of these processes even in minimally-conscious states underscores the
importance of maintaining DMN functions.
1.5. Different Measures of DMN Function: TID vs. rsC
Following its initial discovery and description, investigations of the DMN split into those
studying function at rest via rsC and those studying function during cognitive tasks via taskinduced deactivations (TIDs). Both measures provide important information about DMN
function, but studies of rsC have far outpaced those of TID (1947 DMN rsC studies vs. 328
DM TID studies indexed on PubMed). This may be primarily due to the relative ease of
performing rs-fMRI compared to task-based fMRI (task-based fMRI requires participants to
be trained on a cognitive task and involves less automated data analytic processes), and the
greater ease of comparing across studies due to the absence of different cognitive tasks. A
large body of research has demonstrated that DMN rsC is negatively impacted by both
aging and AD (for reviews see: 56–58). Further, these declines in rsC have been associated
with poorer cognition and clinical deterioration (92,93).
Despite being less studied, TID provides a valuable marker of dynamic modulation of
DMN function in response to changing cognitive demands. DMN TID is reduced in both
normal aging and AD (94,95). These decreases appear to occur linearly across the adult
lifespan (96) and gradually across the AD spectrum (97–99). Of particular interest, DMN TID
parametrically increases with greater cognitive demands in younger adults until it reaches a
plateau (100). This parametric decrease in activity is thought to reflect a mechanism by
which DMN processes are maintained at a level that minimizes interference with cognitive
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processes involved in the task-at-hand (100). This may be due to interactions between the
DMN and networks involved in the task-at-hand.
The DMN is functionally connected with brain networks involved in externallydirected tasks, such as the FPCN and salience (SAL) network. Several studies have
indicated that the DMN and SAL network are antagonistic, with increases in one associated
with decreases in the other (101,102). Further, some researchers have suggested that the
SAL network directly inhibits DMN activity (103). However, experimental evidence using
transcranial magnetic stimulation (TMS) to manipulate SAL activity has suggested that the
SAL network does not directly modulate DMN activity (104). In contrast, the DMN and FPCN
show both agonistic and antagonistic functional patterns depending on whether the task
places demands on internally-focused or externally-focused cognitive properties (102).
Further, altering activity in the FPCN using TMS appears to impact modulation of DMN
activity (104). Thus, DMN TID may reflect a response to signaling from the FPCN following
increased demands from the external environment.
Interestingly, older adults fail to parametrically increase DMN TID with greater
cognitive demands (29,105,106). Instead, older adults show similar levels of DMN TID as
younger adults during low demand tasks but fail to further deactivate the DMN as task
demands increase. Thus, older adults have less TID compared to younger adults during
high demand conditions (29,105,106). Therefore, older adults are still able to deactivate the
DMN during external tasks but have a limited capacity to do so. This may indicate
diminished inhibitory signaling from the FPCN that limits the ability to deactivate the DMN or
disruption of communication within the DMN that limits the propagation of this inhibitory
signal within the DMN. Whether this diminished capacity is the result of intrinsic properties of
the DMN or failure of extrinsic inhibition (or a combination of both), this reduced capacity to
deactivate the DMN may have important physiological and cognitive implications.
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As discussed above, the DMN is primarily responsible for internally-focused cognitive
processes. Therefore, many characterized the DMN as a ‘task-negative’ or ‘task-irrelevant’
network, believing that the DMN played no role in determining performance on externallydirected tasks (107). However, these theories primarily arose from studies of younger adults,
where capacity for DMN TID is high and has minimal relationship with task performance
(100,105,106). In contrast, when capacity for DMN TID becomes diminished in older adults,
relationships with performance are observed (26,29,30). Interestingly, these relationships
are most evident during high demand conditions, once capacity for TID has been reached
(29,30). This suggests that activity in the DMN is an important contributor to performance
when capacity for TID is diminished.
One explanation for this relationship is that higher levels of ongoing DMN processes
interfere with cognitive processes needed for the task-at-hand (29,106). This is supported by
the fact that TID-behavior relationships in older adults are commonly observed during tasks
placing high demands on EF (29,30). EF is responsible for flexible and adaptive thought
processes, such as task-switching, working memory, and inhibitory control (10). These
processes allow for information to be maintained and manipulated despite interfering stimuli
or processes. Thus, increased DMN activity during externally-directed tasks may require EF
resources to be used to prevent interference from these processes (29). However, when EF
resources are also needed for the externally-directed task, decreased TID may contribute to
poorer task performance.
In addition to these cognitive implications, diminished capacity for DMN TID also may
have important physiological implications. As discussed in Section 1.3, BOLD signal is
correlated with levels of synaptic metabolism. These metabolic processes include both
oxidative and non-oxidative glucose metabolism (Figure 1.3). In neurons, oxidative
phosphorylation is the dominant energy source, with 36 ATP generated from a single
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glucose molecule (108). In contrast, astrocytes rely heavily on the non-oxidative pathway of
aerobic glycolysis (AG), which produces only 2 ATP from a single glucose molecule (108).
(Note that the term aerobic glycolysis is used to reflect that these non-oxidative pathways
are occurring in the presence of sufficient oxygen supply for oxidative metabolism).
Increases in BOLD signal are primarily driven by increased AG, which produces higher
lactate levels in the blood, triggering hyperemia (54,62,109). However, AG and oxidative
phosphorylation are related (although non-linearly) due to the role of each in
neurotransmitter release and recycling (54,110). Therefore, diminished capacity for DMN
TID likely indicates consistently higher demands on oxidative phosphorylation and AG within
the DMN.
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Figure 1.3. Synaptic metabolism related to task-evoked BOLD signal changes. The
diagram depicts astrocytic and neuronal changes in metabolism related to BOLD signal
alterations during cognitive tasks. Astrocytes uptake glucose, which is used as fuel for
aerobic glycolysis, which is responsible for neuroprotective and biosynthetic processes via
the pentose phosphate pathway and for neurotransmitter recycling. In order to facilitate
neurotransmitter recycling, 2 ATP are generated via the breakdown of glucose to pyruvate
and then lactate in order to power Na/K ATPases. Lactate is shuttled to neurons with some
loss to the venous circulation. In neurons, lactate is converted to pyruvate and enters the
tricarboxylic acid (TCA) cycle as part of oxidative phosphorylation, which requires oxygen.
The result of this process is 36 ATP (as well as CO2 and H2O), which is used to facilitate
neurotransmitter release. Leakage of lactate into the venous drainage alters vasodilation,
which impacts change in cerebral blood flow. Change in blood flow leads to altered glucose
and O2 supply to the region. Increased cerebral metabolic rate of oxygen (CMRO2) leads to
an increased uptake of O2 by neurons. However, this change is relatively small compared to
the larger shift of glucose uptake by astrocytes occurs. The large change in CBF and
smaller change in CMRO2 allows for detection of the BOLD signal. Thus, when BOLD signal
decreases during tasks, as is the case in TID, it reflects a decrease in both aerobic
glycolysis and oxidative phosphorylation.

Oxidative phosphorylation is carried out by synaptic mitochondria and is crucial for
the processes involved in synthesis and release of neurotransmitters (111,112). Maintaining
mitochondrial function is necessary for cell survival and maintenance of synaptic processes.
However, mitochondrial function is known to decline in aging, and placing increased
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demands on impaired mitochondria can increase oxidative stress through increased
generation of reactive-oxygen species (ROS) (113,114). These ROS may damage
mitochondria and synapses, resulting in necrosis (115,116). Further, increased oxidative
stress can trigger an imbalance in the mitochondrial redox state, which can result in
increased calcium buffering, mitochondrial swelling, and eventual bursting (115,117). As
part of mitochondrial bursting, cytochrome c and other pro-apoptotic molecules are released
into the synaptic cytosol, triggering programmed cell death (115,117).
AG primarily occurs in glia and is crucial for maintenance of the Na+/K+ pumps that
generate the necessary Na+ gradient to take up glutamate from synapses via the
glutamate/Na+ co-transporter (108,118). In addition, AG also serves as important source for
biosynthetic and neuroprotective pathways via the pentose-phosphate pathway (119–121).
Similar to oxidative phosphorylation, AG appears to decrease in aging (119,122). Therefore,
increased demands on AG for synaptic metabolism may divert already diminished resources
away from the biosynthetic and anti-inflammatory pathways carried out by AG. Diminished
biosynthetic capacity could result in decreased cellular proliferation and reorganization
(120), while loss of neuroprotective pathways could lead to greater susceptibility to oxidative
stress (121,123).
1.6. Potential structural mechanisms contributing to diminished DMN TID in older
adults
Due to the cognitive and physiological implications, it is important to determine the
mechanisms contributing to less DMN TID in older adults. Initial research primarily focused
on AD-related mechanisms. While diminished capacity for DMN TID is observed in
cognitively normal (CN) older adults, autopsy studies indicate that at least 20% of CN adults
over the age of 65 have significant AD pathology, while in vivo measures have identified that
nearly 30% of CN older adults have significant AD pathology despite showing no clinical
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signs or symptoms (124–127). This preclinical stage of AD is indistinguishable from normal
aging without direct measurement of AD pathological proteins, thus it was possible that
some alterations in DMN function previously attributed to normal aging may have been
influenced by preclinical AD pathology. The pathological hallmarks of AD are neuritic
plaques made of β-amyloid (Aβ) and neurofibrillary tangles made up of tau (128–131). Both
of these pathological proteins can be found in CN older adults on autopsy (124,125).
Several techniques have been developed to allow for detection of abnormal levels of
AD pathology in vivo. Analysis of cerebrospinal fluid provided the first in vivo marker of AD
pathology. Abnormally low concentrations of Aβ1-42 (Aβ42) are observed in individuals with
AD (127,132,133). In addition, individuals with AD have a non-specific increase in tau, which
differentiates them from healthy older adults but not those with other neurodegenerative
disease (134,135). Abnormally phosphorylated tau (p-tau) provides a more specific marker
of tau pathology in AD but suffers from low sensitivity (127,136,137). While initial studies
focused on using these markers to distinguish those with AD dementia from healthy elderly
and individuals with other neurological diseases, these markers also provide a valuable tool
for assessing AD pathology in those without dementia.
CN older adults can show similar CSF concentrations of Aβ42 and tau species as
individuals with AD (138–140). Further, using autopsy confirmed cut-off values, both Aβ42
and the tau/Aβ42 ratio are predictive of future development of AD (139,141). In addition to
cerebrospinal fluid markers of AD pathology, several radioligands have been developed that
bind to AD pathological proteins in the brain (142,143). The first of these markers, Pittsburgh
compound-B (PiB), binds to Aβ plaques, and several similar ligands are now commercially
available (142,144). More recently, radioligands have been developed that bind to tau
neurofibrillary tangles (143). Similar to CSF markers of AD pathology, levels of radioligand
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binding to Aβ plaques and tau tangles in CN older adults can be in a similar range as those
observed in individuals with AD (145,146).
The development of PET radioligands that bind to AD pathological proteins has
allowed for the topography of AD pathology to be assessed in vivo. These studies have
found that AD pathology shows a predilection for DMN regions during its early stages of
accumulation (145,147,148). Specifically, Aβ plaques are found primarily in the PCC/pC,
LPC/LOC, and MPFC, while tau tangles are observed in MTL structures, LTC, and vMPFC
(145–147). Moreover, concentrations of AD pathological proteins in the CSF are correlated,
not only with the level of AD pathology (149), but with the specific topographic distribution of
AD pathology (150,151). Therefore, CSF and PET markers of AD pathology provide highly
overlapping information. However, CSF markers can detect earlier changes and are easier
to treat as continuous variables (152).
Using these AD pathological markers, several studies have explored the relationship
between Aβ and DMN TID. In 2009, Sperling et. al. published the first evidence that higher
levels of AD pathology were associated with less TID within the PCC/pC (99). Specifically,
there was a linear relationship between levels of PiB binding in the PCC/pC and TID in the
PCC/pC across CN older adults and individuals with MCI (99). Further, within CN older
adults and individuals with MCI, those with high Aβ burden had less DMN TID than those
with low Aβ burden (99). Since this initial work, additional studies have found that CN older
adults with high Aβ burden show less TID in other portions of the DMN compared to
individuals with low Aβ burden (153,154). No study has examined the relationship between
radioligand binding to tau and DMN TID nor has any study examined the relationship
between CSF markers and TID. It should be noted that several studies have found
relationships of lower CSF Aβ42 and/or higher tau with reduced DMN rsC (155–157).
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Together these studies provide some evidence for the role of increased AD
pathology in diminished capacity for DMN TID in older adults. However, reductions in DMN
TID may also be associated with mechanisms related to normal aging. Evidence of linear
declines in DMN TID are apparent in the 4th and 5th decades prior to the accumulation of AD
pathology (96). Further, studies measuring AD pathology in CN older adults have observed
declines in TID in older adults without significant AD pathology (99,153,154). The most
prominent structural changes in the brain in aging are gray matter (GM) atrophy and decline
in WM microstructure (158–161). DMN cortical regions show significant atrophy in aging that
occur independently of AD pathology, especially within the PCC/pC, vMPFC, and LTC
(162,163). However several studies have failed to find a significant relationship between
volume of DMN regions and DMN function after controlling for age (156,164). These results
suggest that GM atrophy likely provides minimal contribution to changes in DMN function
observed in older adults.
In contrast to GM atrophy, limited work has been done to investigate the role of WM
microstructure in contributing to reduced DMN TID in older adults. Only one study to date
has investigated this possibility, which found that global reductions in WM microstructure
across the brain were non-specifically associated with lower DMN TID in older adults (26).
However, several studies have found that lower WM microstructure is associated with
reduced rsC between DMN regions (43,45). Further, studies of externally-focused networks
have found that lower WM microstructure is associated with altered task-evoked functional
responses (26,27,165). Together these studies suggest that WM microstructure may play an
important role in the diminished capacity for DMN TID in older adults. Importantly, WM
microstructure may be important for the connections between FPCN and DMN regions that
may be necessary for inhibition of the DMN, as well as for connections between DMN
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regions that are necessary for communication within the DMN. Therefore, it is important to
understand how WM microstructure is measured and what it reflects.
1.7. Diffusion tensor imaging and white matter microstructure
DTI is an extension of diffusion weighted imaging that allows for assessment of water in
anisotropic diffusion environments (166). Through the use of diffusion gradients (consisting
of a de-phase and re-phase pulse pair) in many non-collinear directions, it is possible to
estimate both the amplitude and directions of diffusion in a given voxel (166). This diffusion
pattern can be represented by the diffusion tensor, which has three orthogonal axes: 1) a
primary direction of diffusion is estimated, 2) a secondary direction of diffusion that is
orthogonal to the primary direction is estimated, 3) diffusion in a third axis that is orthogonal
to the previous two axes is estimated (166). Quantification of diffusion along these three
axes allows for the generation of ellipsoids of diffusion, which can be oriented in many
directions. This ellipsoid pattern is particularly useful for assessing diffusion in WM, where
many possible orientations of fibers are possible (167).
DTI measures diffusion of water molecules on the order of milliseconds. During this
time frame, diffusion is primarily confined by microstructural barriers, which, in the brain,
consist primarily of membranes (168). Water molecules within the ventricles experience
almost no barriers to diffusion, and thus, show high levels of unrestricted diffusion in all
directions. Within GM, membranes are relatively randomly ordered resulting in diffusion that
is moderately restricted to an equal extent in all directions. However, in WM, axonal and
myelin membranes are stacked in parallel to each other. This results in relatively
unrestricted diffusion in the direction parallel to axonal orientation and highly restricted
diffusion in directions perpendicular to these ordered membranes (167,168). Thus diffusion
is highly anisotropic in WM with much greater diffusion parallel to axons than perpendicular
to them (166–168).
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The degree of anisotropic diffusion can be quantified using a measure called
fractional anisotropy (FA) (169). This value is calculated using Equation 1.1. and ranges
from 0 (equal diffusion in all directions) to 1 (diffusion in only a single direction). Thus, higher
FA values represent greater discrepancies between diffusion along the three axes of the
diffusion tensor, independent of the mean diffusion within the voxel. In WM, increased
density of axonal and myelin membranes stacked in parallel to each other result in high FA
values (168). Decrease in the density or coherence of these membranes results in lower FA
values.
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In human WM, FA values increase throughout childhood and adolescence before
peaking in early adulthood (48). This coincides with myelin development and axonal
reorganization during brain maturation (170). Following a peak in early adulthood, FA values
decrease in many major WM tracts throughout the adult lifespan (48,160,171). As described
above, these declines are likely the result of reduced density and/or coherence of axonal
and myelin membranes. It should be noted that anisotropic diffusion in WM exists in the
absence of myelin, although reducing myelination lowers anisotropic diffusion by around
20% (168,172). In contrast, axonal bundles are necessary and sufficient for anisotropic
diffusion, and the loss of axons results in approximately 50-70% declines in anisotropic
diffusion (168,173,174). Therefore, declines in FA are a non-specific marker of reduced
density of axonal and/or myelin membranes.
The mechanisms underlying declines in WM microstructure in aging are complex
(Figure 1.4). Further, these mechanisms may include processes related to normal aging or
those related to increased levels of pathology. Post-mortem studies of normal aging have
demonstrated loss of axons and myelin within cortical WM, especially in tracts consisting of
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small-diameter, lightly-myelinated axons (175,176). In addition, morphological changes in
axons and myelin are apparent (177,178). Further, normal aging is associated with a
significant decline in synapses, implying the loss or retraction of connecting axons (179).
Any or all of these changes could result in lower FA values. Supporting this view, the WM
pathways that show the greatest declines in FA in aging are those that consist of smalldiameter, thinly-myelinated axons (46).
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Figure 1.4. Potential microstructural changes in WM. A: Diagram of a healthy axon with
high WM microstructural properties. The oligodendrocyte sends out processes, which wrap
the axon in tightly-packed, concentric layers of myelin membrane. Within the axon,
microtubules provide axonal stability and allow for axonal transport. Note that these stable
microtubules contain microtubule-associated tau protein. Between segments of myelin,
nodal regions of the axon contain a large number of ion channels that allow for rapid
propagation of action potentials along the axon. In contrast, internodal regions of the axon
contain few ion channels in order to preserve ionic gradients along these segments.
Chemical signaling occurs between the axon and oligodendrocyte (yellow dots) and
between the oligodendrocyte and axon (orange dots). These signaling processes are used
to promote survival of axons and oligodendrocytes, as well as to trigger myelin repair
processes. B: Diagram showing various insults that can disrupt WM microstructural
properties. Loss of microtubule stability (blue X) due to loss of normal tau functioning may
lead to loss of microtubules, which, in turn, disrupts axonal transport. This can contribute to
synaptic starvation or failure to transport pro-survival signals back to the neuronal nucleus.
Decreased myelin density (yellow X) results from myelin breakdown and repair processes
that lay down thinner, less compact myelin sheaths. Further, myelin sheath formation may
be inhibited by Aβ42, resulting in no new myelin sheaths following breakdown. Loss of
axonal/oligodendrocyte communication (red X) may result from damage to the
oligodendrocyte due to toxins, ROS, ischemia, and/or AD pathology. In addition, damage to
axons due to ischemia and/or inflammation or a lack of action potentials along axons may
reduce signaling from axons to oligodendrocytes. Finally, decreased number of synapses
(green X) due to synaptic starvation, interference with synaptic signaling processes, and/or
damage to the astrocytes that maintain synapses could result in axonal retraction. These
changes would also disrupt axonal/oligodendrocyte signaling, myelin repair processes, and
microtubule integrity. C: Diagram of WM with poor microstructural properties. Myelin is less
compact and/or absent from areas. This disrupts axonal signaling due to increased
exposure of poorly conducting internodal regions and decreased conduction velocity.
Further, loss of microtubules or microtubule integrity, may contribute to axon loss. There are
a decreased number of synapses either resulting from or leading to axonal/oligodendrocyte
damage. Oligodendrocytes show inclusion bodies (black dots), believed to reflect resorbed
myelin and oligodendrocyte processes, and may have reduced ability to repair and produce
myelin.
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Importantly, WM is also negatively impacted by cerebrovascular disease (CVD) in
older adults. CVD pathology can be detected in vivo through the use of fluid attenuated
inversion recovery (FLAIR) imaging in order to identify areas of WM hyper-intensities (WMH)
(180). These WMH lesions are nearly ubiquitous in aging, with over 90% of older adults
showing some evidence of WMH (181). Areas of WMH detected in vivo correspond with
areas showing significant axonal and myelin loss post-mortem (182,183). Further, these
areas primarily reflect regions with reduced vascular integrity and increased inflammatory
infiltrate (182,184). Importantly, WMHs have been shown to be associated with lower WM
microstructure in the tracts they affect (185,186). This may reflect either direct changes
associated with axonal loss and inflammatory infiltrate in the specific areas of WMH or
effects of WMH on distal portions of these tracts via Wallerian degeneration (186).
CVD pathology is clinically silent for a prolonged period, making preclinical CVD
difficult to distinguish from normal aging (181,187) The most prevalent areas of WMH in CN
older adults are in periventricular WM (181,188). These areas include lateral aspects of the
CC-genu and CC-splenium, which are responsible for connecting DMN regions (44,45).
Further, deep WM is also affected, with WMHs in the frontal lobe most common (181,188).
The high prevalence of WMH and topography of pathology suggests that DMN WM may be
affected by CVD pathology in CN older adults, although no study has specifically addressed
this question.
WM microstructure also shows significant declines in AD (189–191). These declines
are most apparent in MTL tracts, including the fornix and cingulum, but are also present in
other WM association tracts (189,191,192). Of particular interest, WM microstructure in
pathways connecting DMN regions is significantly lower in individuals with AD compared to
healthy older adults (43,193). Importantly, WM microstructure declines are evident in those
at high risk for developing AD years prior to clinical signs or symptoms (194,195). More
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recent findings have demonstrated that lower WM microstructure is associated with greater
levels of AD pathology in CN older adults (196–198). Interestingly, many of the associations
between AD pathology and WM microstructure in CN older adults have been found in WM
pathways connecting DMN regions (196,197,199).
There are numerous mechanisms by which increased AD pathology may contribute
to poorer WM microstructure, but the links between these mechanisms and WM changes in
humans have not been established. In animal models and in vitro studies, Aβ has been
found to be toxic to oligodendrocytes and inhibit myelin sheet formation, abnormal tau
phosphorylation has been shown to destabilize microtubules, and interaction of Aβ and tau
has been shown to disrupt fast axonal transport (FAT) (200–203). In addition, synaptic loss
and cell death are prevalent in AD (204,205). Any or all of these changes could contribute to
lower WM microstructure associated with increased AD pathology.
1.8. The importance of a multivariate approach
One of the major challenges of aging research is the frequent co-occurrence of processes
related to normal aging and those related to various clinically silent pathologies. Most
studies focus on only one of these processes at a time. However, the frequent overlap
between these different mechanisms makes interpretations of univariate analyses focusing
on any single process particularly challenging. As described in the sections above, DMN TID
has been associated with increasing age and AD pathology, while WM microstructure
declines have been associated with age, AD pathology, and CVD pathology in univariate
analyses. Further, aging is associated with increased prevalence of AD and CVD pathology.
Therefore, without the use of a multivariate approach, it is difficult to assess whether these
various age and pathology-related processes occur via independent or shared mechanisms.
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Mediation analysis provides a particularly powerful tool to test how variables are
related to each other (206,207). The general model of mediation analysis is shown in Figure
1.5. Within this framework, one can ask whether X directly influences Y or if X indirectly
influences Y through its influence on M. Various coefficients can be calculated by performing
first simple and then multiple linear regression analysis. The total effect (c) of X on Y is first
calculated by performing a simple regression of X on Y. Similarly, the relationship between
X and M (a) is calculated by performing a simple regression of X on M. In order to calculate
the final two path coefficients, multiple linear regression is performed with both X and M as
simultaneous predictors of Y. The β-coefficients of X and M resulting from this regression
analysis are the path coefficients for b and c’, respectively. The direct relationship between
X and Y is equal to c’, while the indirect effect of X on Y through M is the product of a*b.

Figure 1.5. Mediation model. Mediation seeks to determine if variable X directly influences
Y or indirectly influences Y through M. In this model, the total effect of X on Y is the
coefficient c, which is the β-coefficient from a simple linear regression of X predicting Y. The
coefficient a is determined by simple linear regression of X on M. The coefficients b and c’
are determined by multiple linear regression of X and M on Y. The indirect effect of X on Y
through M is equal to the product of a*b, while the direct effect of X on Y is c’.

In the original framework proposed by Baron and Kenny, mediation was said to occur
if the relationship between X and Y decreased in the presence of M (c’ < c) (208). However,
this definition of mediation has no test for the significance of the mediation effect. Other
tests for the significance of mediation were proposed but relied upon the assumption of
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normality of mediation effects, which is unlikely to hold true (206). In order to address this
problem, Preacher and Hayes developed a new framework in which the significance of
mediation could be assessed by examining the indirect effect (209). In the revised model,
non-parametric bootstrapping is utilized to develop 95% confidence intervals (CI) for the
indirect effect (ab). If the 95% CI does not cross 0, then the indirect effect is significant and
mediation is said to occur (206,209). This allows for significant mediation effects to occur
when the sign of c and c’ differ and/or when a significant direct effect (c’) also exists.
Importantly, finding a significant indirect effect of X on Y through M does not preclude a
significant indirect effect of M on Y through X (210). Therefore, it is important to assess
alternative models, especially in cases where the direction of the relationship between X and
M is unknown (210).
1.9. DMN function and WM microstructure in CN older adults
Aim 1: To establish whether less TID is tied to poorer EF.
Extensive research indicates that older adults have a diminished capacity for DMN
TID. Decreased DMN TID may have a negative effect on EF due to a disruptive effect of
ongoing activity irrelevant to the executive task. The current literature has provided evidence
that less TID is associated with poorer performance during high demand tasks, especially
those placing high demands on EF. Therefore, the primary hypothesis is that DMN TID
contributes to worse performance on tasks placing demands on EF in older adults.
To test this hypothesis, the association between TID and EF will be investigated in
low EF demand and high EF demand conditions during fMRI tasks. In Experiment 1, the
relationship between TID and task performance will be examined in a task-switching
paradigm that manipulates EF demand through the use of non-switch and switch conditions.
In Experiment 2, the relationship between TID and task performance will be investigated
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using a working memory paradigm placing high demands on EF through the use of multiple
target images and repeating, intervening distractors. Finally, Experiment 3 will use
neuropsychological tests to assess EF more broadly in order to determine the relationship
between DMN TID and these measures in CN older adults.
Aim 2: To identify structural mechanisms contributing to reduced capacity for TID in older
adults.
While increasing age and AD pathology have been implicated as potential
contributors to reduced DMN TID, current studies have utilized univariate approaches that
have made it difficult to determine how these alterations contribute to less DMN TID. One
potential mechanism by which age and pathology may contribute to the diminished capacity
for DMN TID in older adults is through alterations in WM microstructure. Current literature
has demonstrated that WM microstructure influences activity in task-activated networks and
is associated with coordinated signaling within the DMN. Further, increasing age and AD
pathology are associated with altered microstructure in older adults. In addition, another
common age-related pathology, CVD pathology, may also contribute to altered
microstructure. Therefore, the hypothesis is that WM microstructure will directly contribute to
lower DMN TID associated with aging and clinically silent pathology (Figure 1.6).
To test this hypothesis, mediation analysis will be used to determine whether
declines in WM microstructure mediate the relationship between both age and clinically
silent pathologies and DMN TID. In Experiment 1, the relationship between DMN WM
microstructure and DMN TID will be explored in both low and high demand conditions. In
addition, mediation will be used to determine whether WM microstructure significantly
mediates age-related declines in DMN TID. In Experiment 2, the relationships of age, AD
pathology, and CVD pathology with WM microstructure will be investigated. Further,
mediation analysis will be used to test whether WM microstructure is a common pathway for
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age-related and pathology-related declines in DMN TID. Finally, Experiment 3 will assess
the value of these various structural mechanisms in predicting EF decline over a three-year
follow-up. Mediation analysis will be used to determine whether WM microstructure is a
direct predictor of both non-pathology and pathology-related declines in EF.

Figure 1.6. Potential relationships between age, AD pathology, and CVD pathology
with DMN TID. The effects of age, AD pathology, and CVD pathology may influence DMN
TID through direct (A) and/or indirect (B) mechanisms. One possible indirect mechanism
that will be studied here is through altered microstructure in DMN WM pathways. Through
the use of mediation analyses, these different possibilities will be tested. Based on current
literature, age and AD pathology are associated with less DMN TID, while the relationship
between CVD pathology and DMN TID is unclear. To date, no study has directly assessed
any of the relationships shown in panel B.

Importantly, WM microstructure could affect DMN TID through alterations in the WM
pathways within the DMN (i.e. connecting DMN regions to each other) or alteration in WM
pathways connecting task-activated networks to the DMN (i.e. connecting FPCN regions
within DMN regions). Change in microstructural properties of WM pathways connecting
DMN regions could disrupt both excitatory and inhibitory signaling within the network, thus
resulting in more poorly regulated signaling within the DMN during tasks. Further, alterations
in WM connecting FPCN and DMN regions could disrupt inhibitory signaling to the DMN,
resulting in failure to reduce activity during the task. Finally, alterations in both of these WM
connections could work in concert to produce the observation of reduced DMN TID in older
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adults. For example, a decrease in the microstructural properties of WM connecting FPCN
and DMN regions could negatively impact both inhibitory signaling to the DMN, while lower
WM microstructural properties in WM connecting DMN regions could further diminish the
spread of this signal across the DMN. Experiment 1 will test this possibility by investigating
whether WM microstructure connecting DMN WM or connecting the TPN to the DMN is
more predictive of DMN TID.
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2. Experiment 1: White matter microstructure contributes to age-related declines in
task-induced deactivation of the default mode network
2.1. Introduction
Functional neuroimaging studies have demonstrated that some brain regions show
lower activation during the performance of attention-demanding cognitive tasks compared to
simpler baseline conditions (35,37,68). Such TIDs tend to occur within the brain’s default
mode network (DMN), which includes medial prefrontal cortex, posterior cingulate
cortex/precuneus, lateral portions of temporal and parieto-occipital cortices and
hippocampus (29,37,68,100). The DMN contributes to a wide variety of internally-generated
thought processes (38,68). As such, the capacity to deactivate the DMN is thought to have
important functional significance during certain externally-directed cognitive tasks (29,100).
It should be noted that externally-directed tasks involving linkage to self-referential
processes carried out by DMN regions do not result in deactivation (80)
In the former type of task, younger adults tend to show greater deactivation in the
DMN as the task becomes more cognitively demanding (29,100,105,106). Interestingly,
several studies have reported that older adults show similar magnitude of DMN TID as
younger adults during simple cognitive tasks, but less TID during more difficult active tasks
(29,105,106). These findings suggest that older adults may be less able to regulate
functional response in DMN cortical regions as cognitive resources are increasingly required
by the active task (29,106). Persistent activity in the DMN may degrade executive
performance in these circumstances. Reduced deactivation of the DMN during these tasks
could thus be a significant contributor to older adult difficulties on attention-demanding
tasks.
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Despite the broad potential relevance of this issue, little remains known about how
TID of the DMN may track with increasing age and its neurobiological sequelae such as
reductions in task performance and brain structure. This is in part because previous work
has focused solely on comparisons of younger and older adult groups. However, by treating
age continuously, it is possible to examine multivariate relationships with other continuous
variables, such as neuroimaging measures of potential structural mechanisms contributing
to deactivation of the DMN.
We hypothesized that white matter (WM) microstructure may be a potential
contributor to deactivation patterns in the DMN for several reasons. First, because WM
provides a means for electrochemical signaling across large-scale brain networks, agerelated reductions in WM microstructure would be expected to influence the coordinated
functioning of brain regions within organized networks such as the DMN (211,212). Second,
recent studies have confirmed several underlying WM connections between various portions
of the DMN (42,44,45,213). Finally, there is evidence that the WM microstructure measure
of fractional anisotropy (FA) is correlated with BOLD magnitude in task-positive networks
(TPN) during cognitive task performance (27,165,214–216) and with functional connectivity
within portions of the DMN (43,211).
Due to the potential suppression of DMN activity by TPN regions, it is important to
investigate the potential role of microstructure both within WM pathways connecting TPN
regions with the DMN and within WM connecting the DMN regions themselves. Altered
microstructure in WM connecting TPN and DMN regions could diminish inhibitory signaling
from TPN regions intended to trigger a decrease in DMN activity, thus resulting in a failure to
deactivate the DMN with increasing task demands. Alternatively, poorer microstructural
properties in WM connecting DMN regions to each other may disrupt both excitatory and
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inhibitory signaling within the DMN, thus resulting in decreased regulation of DMN activity in
response to increased task demands.
Here we tested the hypothesis that age-related reductions in WM connectivity could
limit the capacity to decrease DMN activity as demands of the active task increase. An fMRI
task switching paradigm was used that included two simple perceptual judgment tasks (color
and shape judgments) made on stimuli that were identical in each task condition. Difficulty
was manipulated by asking participants to either repeat the same task throughout a block or
switch (pseudorandomly) between judgment types, placing increased demands on EF
processes (18,217). We also investigated the effects of age, DMN WM microstructure, and
TID on task performance across the two conditions. Finally, mediation analysis was used to
determine whether WM microstructure accounts for the age-related decline in DMN
deactivation capacity as cognitive demands increase.
2.2. Materials and Methods
2.2.1. Participants
There were a total of 117 participants in the present study. Participants were communitydwelling adults between the ages of 25 and 83 (mean = 49.7 ± 17.4) with normal or
corrected-to-normal vision. Written informed consent was obtained from each participant
under an approved University of Kentucky Institutional Review Board protocol. Exclusion
criteria were color blindness, a major head injury, stroke, a neurological or psychiatric
disorder, high blood pressure, diabetes, use of psychotropic drugs, or presence of metal
fragments and/or metallic implants contraindicated for MRI.
Participants completed measures of fluid intelligence and digit span, which are
known to correlate with task-switching performance (18). Fluid IQ was measured using the
Cattell Culture Fair Intelligence Test (218) because this test assesses non-verbal
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intelligence associated with perceiving inductive relationships in shapes and figures,
processes relevant to the perceptual task-switching paradigm employed in the present
study. Digits forward (DF) and backward (DB) were measured using the Digit Span Subtests
of the Wechsler Memory Scale (WMS III) (219). Socioeconomic status was assessed using
the Hollingshead 2-Factor Index of Social Position (ISP), which is based on educational and
occupational achievement (low scores = higher SES) (220). Demographic information is
provided in Table 2.1.
Table 2.1. Demographic and performance scores
Mean ± SD
N

117

Age

49.7 ± 17.4

M:F

52:65

Education

16.7 ± 2.8

ISP

25.3 ± 13.7

IQ

124.5 ± 18.9115

DF

10.6 ± 2.1113

DB

10.2 ± 2.6113

Single Acc

97.7 ± 2.6

Mixed Acc

95.3 ± 4.6

Single RT

725.3 ± 147.9

Mixed RT

945.3 ± 203.9

ISP, Hollingshead Index of Social Position; IQ, Cattell Culture Fair Intelligence Test; DF,
digit span forward; DB, digit span backward; Single and Mixed refer to conditions in the fMRI
experiment; Acc: accuracy RT: reaction time. Values listed are mean ± SD. Values for IQ
and DB are age-scaled scores. If score values were missing, the number of participants
used in the computation is shown as a subscript.
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2.2.2 Image Acquisition
Imaging data were collected on a 3T Siemens TIM TRIO scanner at the Magnetic
Resonance Imaging and Spectroscopy Center at the University of Kentucky. High resolution
anatomic images were acquired using a magnetization-prepared rapid echo gradient-echo
(MPRAGE) sequence [repetition time (TR) = 1690ms, echo time (TE) = 2.65ms, flip angle =
12°, 1-mm isotropic voxels]. T2*-weighted functional volumes were collected using a
gradient-echo echo-planar imaging (EPI) sequence [33 interleaved slices, TR = 3000ms, TE
= 30ms, flip angle = 83°, field of view (FOV) = 224mm2, matrix = 64 × 64, 3.5mm isotropic
voxels]. Diffusion tensor images (DTI) were collected using a double spin-echo EPI
sequence [TR = 6900ms, TE = 105ms, flip angle = 90°, FOV = 224mm2, in-plane resolution
= 1.75 × 1.75 mm voxels, 40 contiguous 3-mm-thick axial slices] with 36 non-collinear
encoding directions (b = 1000s/mm2) plus 5 images without diffusion weighting (b = 0 s/mm2,
b0).
2.2.3. fMRI Task Paradigm
Participants completed a task-switching paradigm (Figure 2.1) described in detail elsewhere
(27). Briefly, participants performed one of two possible perceptual judgments on every trial.
On color task trials, participants decided if a stimulus was red or blue. On shape task trials,
participants decided if a stimulus was a circle or square. Participants were asked to respond
as quickly and as accurately as possible. During single task blocks the same judgment was
made on every trial for the duration of the block (e.g. all color trials), while in mixed task
blocks shape and color judgments alternated pseudorandomly with a 50% probability of
repeating/switching between judgments on consecutive trials. There were 3 runs, each
consisting of four task blocks and five fixation blocks. Task blocks consisted of 20 trials
(totaling 60 seconds per block) for each of the single or mixed task conditions. During
fixation blocks (lasting 30 seconds), participants were instructed to look at a centrally
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presented cross-hair (+). One run consisted of two single blocks of each color and shape
judgments, and the other two runs consisted of one single block for each judgment and two
mixed blocks.

Figure 2.1. Task-switching paradigm. Diagram of single blocks (shape or color block) and
mixed block (switch block). Stimuli were identical in all blocks. In single blocks individuals
made only one type of judgment (shape or color), while in mixed blocks individuals
pseudorandomly switched between shape and color judgments. Participants were cued on
which judgment to make for 150ms prior to the presentation of the stimuli for 2650ms. Trials
were interleaved by a fixation cross for 200ms. The duration of each task block was 60s and
were interleaved by 30s baseline blocks, during which a fixation cross was presented.

2.2.4. fMRI Preprocessing and Analyses
fMRI Expert Analysis Tool (FEAT) v6.0.0, part of the FMRIB Software Library (FSL; 221),
was used for fMRI data preprocessing and statistical analysis. Data were first motion
corrected, smoothed with a 9mm Gaussian kernel and high-pass filtered at 100s. fMRI data
was then co-registered to each individuals high resolution structural scan using boundarybased registration (222). The high resolution structural image was co-registered to MNI 2 ×
2 × 2 mm space using an initial linear registration followed by nonlinear warping (using
FNIRT; 223). These transformation parameters were then applied to the functional data,
which was re-sliced to 2-mm isotropic voxels during non-linear warping into MNI space.
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Single and mixed blocks were modeled separately and convolved with a doublegamma hemodynamic response function. First-level analysis involved contrasts for color and
shape (single) blocks compared to fixation and mixed blocks compared to fixation for each
participant for each run. Parametric maps from each first-level analysis (Runs 1, 2, and 3)
were then carried into a second-level fixed effects model where the results of each first-level
model were combined into a single beta-map per condition. Higher-level (group) analyses
were performed using FMRIB’s Local Analysis of Mixed Effects (FLAME).
2.2.5. Defining a Common DMN Network
A common deactivation network was defined across participants to identify DMN structures
of functional relevance to individuals across the age range of our sample. Peak regions of
deactivation were identified through a voxelwise contrast of fixation > single task across all
participants. Significant clusters of peak deactivation in this contrast were masked at a
voxel-wise FWE corrected p < 0.05 threshold. The single (i.e. easier) condition was chosen
for the contrast given previous evidence of stronger age-differences during more difficult
task conditions (29,106). (However, it should be noted that the baseline fixation > mixed task
condition contrast produced essentially the same results in our data; peaks within one voxel
of those in the fixation > single condition). The overall DMN mask was created by placing
5mm-radius spheres around the peak voxel in each cluster surviving the above criteria in the
fixation > single contrast (Figure 2.2). Percent signal change within the overall DMN mask
was then extracted for each participant using Featquery.
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Figure 2.2. DMN ROIs overlaid on MNI152 T1 2mm brain. The 5mm-radius spherical
ROIs (yellow) and significant voxels from the fixation > single contrast (blue-light blue
gradient) overlaid on the MNI152 T1 2mm3 brain. All images are in radiological orientation.
The MNI coordinate of the slice is below each image. All ROIs except the left hippocampus
are shown.

2.2.6. Diffusion Tensor Imaging Preprocessing
FMRIB’s Diffusion Toolbox (FDT) v3.0 was used for all DTI preprocessing and analyses.
Preprocessing steps performed on raw images involved eddy current correction, brain
extraction, and motion correction using a 12-parameter affine transformation to the b0
images. DTIFIT was then used to compute a tensor model and eigenvalues (λ1, λ2, λ3) within
each voxel. These eigenvalues were used to calculate fractional anisotropy (FA) images,
which were used as input for tract-based spatial statistics (TBSS).
2.2.7. Tract-Based Spatial Statistics
Each participant’s FA image was co-registered to the FMRIB58_FA 1mm standard space
template using tract-based spatial statistics (TBSS; 224), as shown in Figure 2.3 and
described in detail in our previous work (225). Briefly, non-linear voxel-wise registration was
used to transform images into MNI space, where FA images from all participants were
averaged to generate a mean FA image. The mean FA image was subsequently used to
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create a white matter (WM) skeleton with tracts common to all participants. This skeleton
was thresholded at FA > 0.2 in order to minimize partial volume effects after warping across
all participants. Each participants FA image was subsequently projected onto the FA
skeleton in order to account for residual misalignments between participants after initial
registration.

Figure 2.3. Overview of the TBSS pipeline. Each participant’s native space FA image (A)
is non-linearly registered to the FMRIB58 FA 1mm3 template (B) producing each
participant’s FA image resampled in FMRIB58 FA 1mm3 space (C). A group mask (D) is
generated to include only voxels that are present in all participants (yellow). The FA images
from all participants are then averaged and masked to produce a group mean FA image (E).
This mean FA image is used to create a skeleton (F) of WM tracts common to all
participants (green). All participant’s FA images are projected on to this skeletonized image
in order to correct for residual misalignments.

2.2.8. Probabilistic Tractography
Probabilistic tractography was performed to identify the WM pathways connecting the eight
individual fMRI clusters forming the overall ‘network-level’ DMN-fMRI mask (described in
2.2.5.). Prior to tractography, the fMRI-based cortical seeds were registered to each
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participant’s native diffusion space. The first step in this process was to transform the
cortical seeds from MNI 2 × 2 × 2 mm space to MNI 1mm3 space using FLIRT. Then the
inverse of the non-linear warp from each participant’s FA image to MNI 1mm3 space
(described in 2.2.7.) was generated and applied to register all fMRI-based cortical seeds
from MNI 1mm3 space to each participant’s diffusion space.
Tractography was performed using FSL’s Bayesian Estimation of Diffusion
Parameters Obtained using Sampling Techniques (BEDPOSTX) and probabilistic tracking
(PROBTRACKX2) tools (226,227). BEDPOSTX (226) was run using a 2-fiber model to
determine a probabilistic diffusion model in each voxel, which was used as the input for
probabilistic tractography. PROBTRACKX2 (227) was run in network mode using modified
Euler streamlining. A total of 5000 samples were generated from each voxel in each seed
with a curvature threshold of 0.2 (approximately ± 80°), a step length of 0.5mm with a
maximum of 2000 steps, and a fiber volume threshold of 0.01. The Harvard-Oxford
Subcortical Atlas brainstem mask was used as an exclusion mask to avoid descending
pathways. Successful streamlines were those originating in a voxel within one fMRI-based
cortical seed and passing through a voxel in another fMRI-based cortical seed without
entering the exclusion mask.
A streamline image (Figure 2.4) was generated showing all successful tracts, which
was then registered to MNI 1mm3 standard space using the non-linear transform described
above. Each individual’s streamline image was divided by the total number of samples
generated (# of samples = # voxels in seed regions * 5000) to create a proportion image.
The value of each voxel in the proportion image indicates the proportion of successful
streamlines that passed through that voxel. Before creating a group mean image, each
participant’s proportion image was divided by the total number of successful streamlines
generated, or waytotal, as a way to account for differences in “trackability” between each
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participant’s diffusion data. A group mean image was then calculated from the average of all
participants’ waytotal-normalized proportion maps. The group proportion image was
thresholded at 0.1% of total streamlines passing through a given voxel in order to generate
a group mask of successful streamlines. The group mask was restricted to those voxels
within the mean FA skeleton to limit the effects of partial voluming. Mean FA values were
then extracted from the skeletonized ‘DMN-WM’ mask for each participant.

Figure 2.4. Individual tractography results. Tractography results from a younger (A) and
older (B) adult overlaid on the FMRIB58 1mm3 template. Brighter red and yellow represent
voxels with more streamlines passing through them. Note the high overlap across
individuals, especially in voxels with more streamlines passing through them (yellow voxels).

2.2.9. Tractography of connections between networks
Due to the potential influence of increased input from the TPN, additional tractography
analyses were performed in order to identify WM pathways connecting TPN regions and
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DMN regions. Seeds for this analysis were taken from previous work describing functional
response in the TPN during the same task in this cohort (27,228). WM pathways connecting
TPN regions with DMN regions were identified using the same steps described in 2.2.8. Due
to the high overlap between these pathways and those connecting DMN regions in areas
immediately surrounding seed regions, unique portions of WM pathways were identified by
subtracting out any voxels that were identified in both tractography analyses. Therefore, two
unique WM-masks were created: 1) DMN-only WM and 2) TPN-to-DMN-only WM. Each
WM-mask was then restricted to only those voxels belonging to the group skeleton, and FA
was extracted from each participant in each of these skeletonized WM-masks.
2.2.10. Statistical Analyses of Behavioral, fMRI and DTI Data
Statistical analyses were carried out in SPSS 22 (IBM Statistics, Chicago, IL). Three main
analyses were carried out. The first two analyses were intended to assess the contributions
of relevant predictors on (1) DMN TID magnitude and (2) task performance. These analyses
used mixed-effects General Linear Models (GLM), which examined fixed-effects while
accounting for subject-specific variance. The first set of GLMs investigated the betweensubject effect of either age or FA in DMN-WM, the within-subject effect of condition (single
or mixed), and the age/FA × condition interaction on DMN deactivation magnitude.
Standardized beta-values are reported for each effect and t-statistics were used as the
inferential statistic to determine significance of each effect in the presence of the others.
Those effects with p < .05 were considered significant. Significant interactions were
investigated further by performing linear regression within each condition separately. A subanalysis was then carried out to test whether the relationship between FA and DMN
deactivation magnitude was specific to DMN-WM or if it was related to TPN-to-DMN-WM. In
order to test this, the relationship between each of the unique WM masks (DMN-only and
TPN-to-DMN-only) and DMN TID magnitude were explored. A backwards step-wise linear
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regression was then performed, entering FA in both sets of WM pathways into the first step,
and then performing backward selection with a removal criterion of p > 0.10.
The second set of GLMs investigated the between-subject effect of either age, FA, or
DMN TID magnitude, the within-subject effect of condition, and the age/FA/TID × condition
interaction on task performance (accuracy or reaction time (RT) separately). Again, effects
with p < .05 were considered significant, and significant interactions were investigated by
performing linear regression within each condition separately. The final set of analyses used
mediation models to test the hypothesis that DMN WM microstructure accounts for agerelated changes in DMN TID magnitude. Mediation analysis based on multiple linear
regression was performed using macros (PROCESS; 207) that simultaneously estimate all
paths between variables and indirect effects. PROCESS utilizes bootstrapping and
generates Monte Carlo confidence intervals to allow for statistical inferences. Indirect effects
having 95% confidence intervals not crossing zero were accepted as significant mediation
effects.
2.3. Results
2.3.1. Functional deactivations across participants
Results from the voxelwise contrast of the baseline fixation condition compared to the single
task condition across participants revealed deactivation in the posterior cingulate cortex
(PCC), medial prefrontal cortex (MPFC), and in bilateral portions of lateral occipital cortex
(LOC), hippocampus (HC), and lateral temporal cortex (LTC) (Figure 2.5a). Coordinates of
peak voxels within each cluster are listed in Table 2.2. A DMN mask was generated
surrounding peak coordinates within each cluster (as described in 2.2.5.).
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Figure 2.5. Task-induced deactivation in the DMN and DMN WM Pathways. A:
Regions showing significant deactivation at FWE-corrected p < .05. B: Statistical map of
probabilistic tractography indicating the proportion of streamlines passing through each
voxel. The scale indicates a minimum value of 0.001 (0.1%) of all attempted streamlines
passing through a given voxel, while the maximum was set at 0.015 (1.5%) of all attempted
streamlines passing through a given voxel. Coordinate below each image is the MNI
coordinate for that slice. C-D: WM pathways (blue) connecting DMN regions (red) after
averaging the entire group and thresholding at 0.1% of all streamlines attempted passing
through a voxel. The WM pathways shown in blue were used to extract FA in each
participant. LOC, lateral occipital cortex; LTC, lateral temporal cortex; HC, hippocampus;
PCC, posterior cingulate cortex; MPFC, medial prefrontal cortex.
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Table 2. Peak fMRI Coordinates from Single Condition < Fixation Contrast
Region

Z-max

X

Y

Z

Hippocampus (HC)

6.00

-26

-14

-20

Lateral Temporal Cortex (LTC)

10.29

-58

-2

-16

Lateral Occipital Cortex (LOC)

12.06

-44

-76

34

Hippocampus (HC)

6.31

26

-10

-20

Lateral Temporal Cortex (LTC)

9.87

56

-2

-16

Lateral Occipital Cortex (LOC)

9.57

52

-72

30

Posterior Cingulate Cortex (PCC)

10.81

-6

-42

40

Medial Prefrontal Cortex (MPFC)

10.81

-6

54

2

Left Hemisphere

Right Hemisphere

Midline

Z-max represents the peak Z-value within the cluster. X, Y, and Z are the MNI coordinates of
the peak voxel within the cluster.

2.3.2. White Matter Tractography, FA and Age
Results of tractography analysis revealed a set of DMN WM paths containing connections
between the fMRI cortical ROIs. This set of DMN WM paths was observed in every
participant and group results showed that the paths traveled through several major WM
tracts, most prominently through bilateral portions of the cingulum, superior longitudinal
fasciculus (SLF), inferior longitudinal fasciculus (ILF), and fornix (Figure 2.5b-d). A ‘networklevel’ DMN-WM mask was generated based on peak effects within these paths (as
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described in 2.8.). As expected, regression analysis indicated that age was a significant
predictor of FA in the DMN-WM mask (β = -.52, t = -6.49 p < .001).
2.3.3 Effects of Age, Task Condition, and their Interaction, on TID Magnitude within the
DMN
There were significant main effects of Age (β = -.48, t = -2.56, p = .01) and Condition (β =
.14, t = 3.47, p = .001) such that increasing age and the single condition were associated
with less TID. There was also a significant Age × Condition interaction (β = -.13, t = 3.16, p =
.002). Examination of this interaction (Figure 2.6a-b) indicated that age did not predict DMN
TID in the single condition (β = -.05, t = 0.56, p = .58), but was a significant predictor in the
mixed condition (β = -.29, t = -3.24 p = .002).
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Figure 2.6. Relationship of Age and DMN WM microstructure with TID. The scatter plots
show DMN TID magnitude in the single and mixed conditions (greater positive values =
greater deactivation) plotted against age (A-B) and FA in the DMN-WM mask (C-D). Neither
age (A) nor FA in the DMN-WM mask (C) predicted TID in the single condition. Age (B) was
a negative predictor and FA in the DMN-WM mask (D) was a positive predictor of TID
magnitude in the mixed condition. Dashed lines represent the linear best fit of the data.

2.3.4 Effects of FA, Task Condition, and their Interaction, on TID Magnitude within the DMN
Results indicated a main effect of Condition (β = .14, t = 3.41, p = .001) but not of FA (β =
.12, t = 1.00, p = .320). There was, however, a significant FA x Condition interaction (β =
.10, t = 2.33, p = .02). Examination of this interaction (Figure 2.6c-d) indicated that FA did
not predict DMN TID in the single condition (β = .14, t = 1.53, p = .13), but was a significant
predictor in the mixed condition (β = .30, t = 3.42 p = .001).
2.3.5. Effects of WM within the DMN and outside the DMN on TID magnitude
WM pathways connecting TPN and DMN regions were identified using probabilistic
tractography (Figure 2.7). Due to the high overlap between WM pathways connecting the
TPN and DMN and those connecting DMN regions themselves (especially in areas
immediately surrounding DMN seed regions), WM unique to either within-network
connections (DMN-only) or between network connections (TPN-to-DMN-only) were
generated.
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Figure 2.7. WM pathways between the TPN and DMN and within the DMN. A: The WM
pathways (yellow) connecting TPN regions (red) with DMN regions (blue). Connections
between the TPN and DMN were observed in the SLF, cingulum, corpus callosum, and ILF.
B: The WM pathways (purple) connecting DMN regions (blue). C: The WM pathways
connecting the TPN to DMN (yellow) and DMN to itself (purple) are shown together. There
was high overlap between WM pathways connecting the TPN to DMN and DMN to itself,
especially surrounding seed regions.
Bivariate correlations showed that FA in DMN-only WM (r = 0.30, p = .001) and TPNto-DMN-only WM (r = 0.28, p = .002) were both significantly associated with TID magnitude
during the mixed condition. FA in these WM pathways were also highly correlated with each
other (r = 0.88, p < .001). Stepwise linear regression found that that the initial model with FA
values from both sets of WM was significant (F2,114 = 5.66, MSE = .054, p = .005), but
neither set of WM pathways was a significant predictor of TID magnitude. Backward
selection led to the removal of FA in between network pathways, resulting in a final model
that was significant (F1,115 = 11.29, MSE = .054, p = .001) with FA in DMN-only WM
significantly predicting TID magnitude (β = 0.30, t = 3.36, p = .001). Removal of FA in
between-network pathways did not result in a significant loss of variance explained in the
reduced (final) model compared to the initial model (R2-change = -.001, p = 0.732).
2.3.6. Effects of Age, FA, and DMN TID Magnitude on Task Performance
Results of the GLMs examining the effects of age, FA, and TID magnitude on task
performance are presented in Table 2.3. There were main effects of both age and FA in the
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DMN-WM on task performance (accuracy and RT). There was a significant Age × Condition
interaction for accuracy. Examination of this interaction indicated that accuracy was only
marginally predicted by age during the single condition (β = -.16, t = -1.68, p = .09), but was
significantly predicted by age during the mixed condition (β = -.24, t = -2.68, p = .008). There
were also marginal Age × Condition and TID magnitude × Condition interactions for RT.
Examination of these interactions (Figure 2.8) indicated that age predicted RT in both the
single (β = .51, t = 6.38, p < .001) and mixed (β = .46, t = 5.62 p < .001) condition, while TID
magnitude predicted RT in the mixed condition (β = -.21, t = -2.32 p = .02) but not the single
condition (β = .03, t = 0.31, p = .75).
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Table 2.3. GLM Results for Accuracy and Reaction Time
Accuracy
Variable (V)

V

Condition

V × Condition

Age

β = -.61 t = -3.17**

β = -.30 t = -7.23***

β = -.09 t = -2.19*

TID Magnitude

β = .09 t = .96

β = .32 t = 7.05***

β = .01 t = .21

FA in DMN-WM Mask

β = .43 t = 3.40***

β = -.30 t = -7.10***

β = .03 t = .68

Reaction Time
Variable (V)

V

Condition

V × Condition

Age

β = .52, t = 4.90***

β = .53 t = 22.91***

β = .05 t = 1.97ǂ

TID Magnitude

β = .06 t = 1.22

β = .52 t = 21.41***

β = -.05 t = 1.83ǂ

FA in DMN-WM Mask

β = -.43 t = -6.72***

β = .53 t = 22.57***

β = -.01 t = -.53

V = Main effect of Variable, V × Condition = Interaction of variable and condition; ǂp < .10, *p
< .05, **p < .005, ***p < .001
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Figure 2.8. Relationship of Age and DMN TID Magnitude with RT in the Mixed
Condition. RT in the mixed condition was positively predicted by age (top) and negatively
predicted by TID magnitude (bottom). Dashed lines are the linear best-fit line.
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2.3.7. Mediation Analyses
Mediation analyses were performed to test the hypothesis that DMN WM microstructure
accounts for the relationship between age and DMN TID magnitude in the mixed condition.
Two mediation models were tested: Model 1) FA in the DMN-WM mask as the mediator of
the relationship between age and DMN TID magnitude and Model 2) an alternative model
with age as the mediator between the FA in the DMN-WM mask and DMN TID magnitude.
The alternative model (Model 2) was chosen to test whether the FA in the DMN-WM mask
and DMN TID were only related because both vary together with age, a condition which
requires age to mediate the relationship between the other two variables (210).
Results of Model 1 (Figure 2.9a) indicated that the direct effect of age on magnitude
of DMN TID (c’ = -0.18, 95% CI [-.38, .02]) was not significant, but instead was accounted
for by the significant indirect pathway through FA in the DMN-WM mask (ab = -0.11, 95% CI
[-.24, -.004]). Importantly, results of Model 2 (Figure 2.9b) indicated that the direct effect of
FA in the DMN-WM mask on DMN TID (c’ = .21, 95% CI [.01, .41]) was not significantly
mediated by age (ab = .09 [-.002, .21]).
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Figure 2.9. Results of Mediation Analyses. A: Age correlated with DMN TID in the mixed
condition (dotted arrow), but only the indirect effect through WM microstructure was
significant (shown by solid arrows). B: Results of Model 2: FA in DMN-WM mask had a
direct effect on DMN TID in the mixed condition (solid arrow), and the indirect effect through
age was non-significant (shown by dotted arrow). Values are standardized β-coefficients
with significant β-values shown in bold. Total effect between the independent and
dependent variable in the model is shown above the arrow, and the direct effect is shown
beneath the arrow. N = 117.

Due to the small gap between ages 40 and 50 in our sample, we repeated all
analyses treating age as a dichotomous variable (< 40 vs >50). The results of these
analyses revealed an identical pattern (same significant effects from GLMs and mediation
analyses) as those with age as a continuous variable. Additionally, further mediation
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analyses were performed using FA in TPN-to-DMN-only WM instead of DMN-WM. Results
of these analyses found that FA in TPN-to-DMN WM (ab = -0.10, 95% CI [-.29, .04]) did not
mediate the relationship between age and DMN TID magnitude.
2.4 Discussion
We found that individual differences in DMN TID magnitude are influenced by age
and task condition, and that these relationships are mediated by WM microstructure.
Extending previous findings, our fMRI results indicated interactive effects of age and
condition such that increasing age affected TID magnitude during the high EF demand
(mixed) condition but not the low EF demand (single) condition. In addition, we found that
differences in WM microstructure accounted for a significant portion of the relationship
between age and DMN TID magnitude in the high EF demand condition. Our results
suggest that age-related declines in WM microstructure contribute to functional regulation of
DMN activity in older adults.
We observed functional deactivation in the PCC, MPFC, LOC, LTC, and
hippocampus across a participant sample ranging from 25 to 83 years of age. These regions
represent a central portion of the DMN in studies of younger and older adult participant
groups (37,96,229). Overall TID magnitude across these regions was explored to investigate
network-wide changes in DMN function associated with age and task performance. Results
indicated relationships between TID magnitude, age and task performance. As expected,
less TID was associated with both increasing age and poorer task performance. However,
these main effects were qualified by an age by condition interaction, which indicated that
increasing age was related to less DMN TID only in the mixed condition and had no effect
on TID in the single condition.
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In task-switching paradigms such as the present one, mixed conditions differ
principally from single conditions in their increased emphasis on EF processes such as
switching and inhibitory control (18,217,230). The age by condition interaction in TID that we
observed is thus consistent with a view that aging is associated with decline in capacity for
DMN TID as cognitive demands increase (29,105,106). Importantly, all participants
performed the mixed task with high accuracy (based on a median split, the older half of
participants performed the mixed task with 94.6 ± 5.5% accuracy), which indicates that the
lack of TID in the mixed condition is unlikely to be due to older adults not being actively
engaged in the more difficult mixed task.
We next considered the potential association between DMN TID and WM
microstructure. Probabilistic tractography identified a set of WM pathways containing
connections between cortical DMN structures commonly deactivated across our participant
sample. As can be seen in Figure 2.5, the resulting WM network involved paths traveling
through portions of midline tracts containing connections between medial temporal lobe and
other limbic structures (bilateral portions of the cingulum and fornix) and long tracts
containing connections between widely distributed neocortical structures (i.e. bilateral
portions of the SLF and ILF). Results from our tractography analysis are consistent with
known anatomical connections between DMN cortical structures and show good
correspondence with tracts identified in previous DMN structural connectivity studies
conducted in separate groups of younger (42,45,213) and older adults (44,193,231).
As expected, FA within the common network of DMN WM paths was negatively
correlated with age. Interestingly, we found a significant FA by condition interaction, such
that lower FA was associated with less TID magnitude during the mixed condition, but not
associated with TID magnitude in the single condition. Several previous studies have
reported correlations between FA and functional connectivity values within portions of the
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DMN (44,211,213). However, the present finding of an FA by condition interaction
represents the first evidence to our knowledge indicating an increased association between
WM microstructure and deactivation of the DMN as task demands increase.
Importantly, we also investigated whether decreased capacity for TID might be the
result of breakdown in signaling pathways from outside of the DMN. WM pathways
connecting TPN regions and DMN regions were identified using tractography, and FA was
extracted from these WM pathways. Results indicated that lower FA in WM pathways
connecting the TPN and DMN was associated with less DMN TID. However, in a step-wise
linear regression, only FA in DMN-WM was found to be a significant predictor of TID
magnitude following a backward selection procedure. Previous studies have found
relationships between global FA and DMN TID (26). However, these findings provide the
first evidence that, while FA in other WM pathways may be related to TID, microstructure
within WM pathways connecting DMN regions are the best predictor of TID magnitude.
Further, these findings may suggest that diminished capacity for TID is more closely related
to intrinsic properties of the DMN itself, rather than simply reflecting altered input to DMN
regions from TPN regions (although this may also contribute).
An alternative possible explanation for the present results could be that DMN
structure and function may undergo independent changes in aging, which could reflect
either distinct or shared dependence on some other unmeasured biological correlates of
aging (210). Our use of continuous variables afforded the opportunity to test between these
possibilities using mediation analyses. Results of mediation analyses cannot determine
causality. Nevertheless, the overall pattern of results is more consistent with a view that
DMN WM microstructure contributed to age-related functional dysregulation of DMN
response observed in our study rather than some other (unmeasured) biological correlate of
aging.
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The finding that FA was related to DMN deactivation in the mixed condition but not
the single condition has implications for behavioral results showing that older adults
experience more interference from internally generated distraction than younger adults
during EF tasks (232). Our results suggest that age-related declines in WM microstructure
within the DMN may contribute to such increased internal distraction in older adults during
attention-demanding cognitive control processes. For instance, one possibility would be that
intact WM connections between DMN regions may enable younger adults to efficiently
regulate/reduce functional activity within the DMN in response to increased demands on
cognitive processes. In contrast, poorer WM microstructure within the DMN may decrease
the capacity of older adults to dampen DMN functional activity when additional resources
are required by the active task. The overall outcome would be relatively greater ongoing
activity in the DMN during the task, which produces increased internally-generated demands
on EF processes and poorer task performance.
Although our results indicated that WM microstructure attenuated a substantial
proportion of the variance (38%) in the total relationship between age and TID, they also
suggest that more than half of the variance is not accounted for by WM microstructure.
There are likely to be many other neurobiological contributors to age-related declines in
DMN function not tested here. Amyloid load may be especially relevant as it has been linked
with altered DMN activity and functional connectivity (99,155,156,233). Future work will be
required to determine the separate and potentially synergistic contributions of WM
microstructure and amyloid load to age-related changes in DMN functioning.
The present study has several caveats. First, in order to make stronger conclusions
about the process of aging, it will be important to cross-validate these findings using a
longitudinal design. Additionally, while DTI provides an indirect measure of WM
microstructure, it does not directly measure axons or connections between regions. Rather,
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lower WM microstructure could contribute to age-related changes in functional deactivation
in a number of ways. For example, alterations in WM connectivity would be expected to
affect neurotransmitter signaling and recent evidence suggests that degree of DMN
deactivation in younger adults is dependent on the balance between glutamate and GABA
concentrations in the pC (234). While challenging, future research should attempt to
integrate fMRI, DTI and spectroscopy and/or PET to identify potentially dissociable
contributions of WM microstructure and neurotransmitter release on functional dysregulation
of the DMN in aging. Finally, neither the roles of gray matter atrophy nor clinically silent
pathologies were assessed in the present study. Previous studies have indicated that gray
matter volume is not strongly correlated with deactivation magnitudes in older adults without
clinical dementia (92,164,235), and therefore likely has minimal effect. Silent pathologies
such as AD and CVD cannot be ruled out in the present sample, which could account for
some of the age-related changes in deactivation. Future work should look to investigate the
independent and synergistic roles of various clinically silent pathologies and WM
microstructure in age-related functional changes in the DMN.
In conclusion, our results suggest that reductions in dynamic modulation of DMN
activity in response to increases in cognitive demands appear to scale with increasing age.
In addition, the present results suggest a contribution of altered WM microstructure to
functional dysregulation of the DMN, thus providing evidence for one potential mechanism
underlying the failure to modulate DMN deactivation in older adults. Finally, this failure to
modulate DMN activity contributes to poorer EF in older adults, which may be due to
increased internally-generated distraction from ongoing DMN processes.
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3. Experiment 2: White matter microstructure declines mediate diminished defaultmode network deactivation and working memory performance associated with age
and Alzheimer’s disease pathology
3.1. Introduction
The default mode network (DMN) was initially characterized as a set of brain regions
showing greater activity during baseline conditions than during attention-demanding,
externally-directed cognitive tasks, a phenomena termed task-induced deactivation (TID)
(35,37,61). A large body of data has since linked DMN activity with a range of internallyfocused thought processes, including autobiographical memory and planning, maintenance
of the self, and mind wandering (38,68,80). DMN-related thought processes are thought to
be continuously active, as the network maintains low-level activity even during semiconscious states and minimally-vegetative states (39,85,86).
TID is thought to reflect an active mechanism to prevent interference of continuously
active DMN processes from disrupting processes required to address attention-demanding,
externally-oriented environmental demands (100). However, capacity for TID is reduced in
older adults, which contributes to poorer task performance (29,30,106). Mechanisms
contributing to age-related reduction in capacity for DMN TID remain unclear. These
mechanisms may be related to processes of normal aging or clinically silent pathology,
which become prevalent in older adults (236).
Two pathologies harbored by a significant number of CN older adults are AD
pathology and CVD pathology. AD pathology can be measured in vivo through either
cerebrospinal fluid (CSF) concentrations of or positron-emission tomography (PET) radioligand binding to the AD pathological proteins, β-amyloid (Aβ42) and tau (135,142,143,237).
By utilizing these techniques, AD pathology has been observed in at least 20% of cognitively
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normal (CN) older adults over the age of 65 (126,145,146). Similarly, fluid attenuated
inversion recovery (FLAIR) imaging can be used to identify areas of WM hyper-intensity
(WMH), which are a marker of CVD pathology (180). Studies of CN older adults have found
that WMHs are present in up to 93% of these individuals (181).
Clinically-silent AD and/or CVD pathology may contribute to diminished capacity for
DMN TID in CN older adults. Several studies have found that increasing AD pathology is
associated with less TID in the portions of the DMN (99,153,238). In contrast, CVD
pathology has been relatively understudied and results have been equivocal, with one study
finding that higher WMHs were associated with less TID in a portion of the DMN (239) and
another failing to find a relationship (240).
Alterations in DMN TID may also be the result of subtler changes occurring in normal
aging. Through the use of diffusion tensor imaging (DTI), alterations in the density and
organizational coherence of axonal and myelin membranes can be assessed through
measures of WM microstructure (168,241). Studies utilizing this technique have consistently
observed age-related decline in microstructure across the cortical WM pathways
(160,161,171). WM is responsible for electrochemical signaling between brain regions, and
age-related declines in WM microstructure have been shown to contribute to altered
response in several task-positive functional brain networks (26,27,165). Results from
Experiment 1 suggest that declines in WM microstructure within pathways connecting DMN
regions mediate age-related declines in DMN TID (242).
However, AD and CVD pathology are also correlated with lower WM microstructure.
For example, several studies have reported that higher AD pathology was associated with
poorer WM microstructure in CN older adults (196,197,199). Of particular relevance to the
present work, AD negatively affects microstructural properties of WM tracts connecting the
DMN (DMN-WM, 154,205). Similarly, greater WMH volume is associated with lower WM
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microstructure within the tracts affected in CN older adults (185). Further, WMHs are
frequently found in areas of periventricular and frontal WM that may overlap with DMN-WM
(188). Therefore, a major question is whether age-related declines in WM microstructure
and increases in either AD or CVD pathology represent independent or shared contributors
to diminished TID in the DMN.
The present study seeks to test these possibilities by exploring whether age, AD
pathology, and CVD pathology influence DMN TID through a common pathway of declining
WM microstructure or through independent, direct pathways. Younger and older adults were
recruited to perform a visual working memory fMRI experiment. The visual working memory
task used is a modified delayed match-to-sample paradigm with multiple targets and
repeated intervening distractors, which places greater demands on executive processes
(244,245). In addition, individuals underwent diffusion tensor imaging (DTI) in order to
identify and measure microstructure within WM pathways connecting DMN regions. Older
adults also underwent a lumbar puncture in order to measure cerebrospinal fluid (CSF)
markers of AD pathology and FLAIR imaging in order to measure WMHs.
An initial bivariate analysis between DMN TID and working memory performance
was used to determine whether less TID contributed to poorer task performance. Further
bivariate analyses were then used to compare the relationships between age, DMN function,
and DMN WM microstructure across all participants, as well as between these measures
and those of AD and CVD pathology within older adults. Finally, Preacher and Hayes
mediation analyses were used to test the hypothesis that WM microstructure mediated the
relationships of age and AD pathology with DMN TID.

60

3.2. Methods
3.2.1. Participants
A total of 69 individuals (39 older adults and 30 younger adults) were recruited to participate
in the present study. Written informed consent was obtained from each participant under an
approved University of Kentucky Institutional Review Board protocol. Older adults were
recruited from an existing longitudinal cohort at the Sanders-Brown Center on Aging
(SBCoA) who are followed annually for demographic, health, and neuropsychological data
(246). Cognitive normality was determined through consensus conference per the
procedures outlined in the Uniform Data Set (UDS, 247). Younger adults were recruited from
the University of Kentucky and the surrounding area through advertisements.
Exclusionary criteria for all participants were significant head injury (operationally
defined as loss of consciousness for greater than five minutes), heart disease, psychiatric or
neurological disorder, claustrophobia, pacemakers, or presence of metal fragments and/or
metallic implants contraindicated for MRI. Quality control measures (described below) led to
the exclusion of 4 older adults (one due to excessive motion and three due to task
performance or response rate > 3 standard deviations between the group mean) and one
younger adult (due to an artefact on MR images). Characteristics of the final cohort of 35
older adults and 29 younger adults are shown in Table 3.1.
3.2.2. Cerebrospinal fluid sampling (CSF) and analysis
Older adults underwent a lumbar sampling of CSF in the morning following overnight fast, as
previously described (196). Samples were shipped on dry ice to the Biomarker Research
Laboratory at the University of Pennsylvania Medical Center. The multiplex xMAP Luminex
Platform (Luminex Corp, Austin TX) with Innogenetics (INNO-BIA, AlzBio3; Ghent, Belgium)
immunoassay kit was used for analysis as previously described (127). CSF concentrations
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of Aβ42 and total tau (t-tau) were measured, and Aβ42 and the tau/Aβ42 ratio were used as
statistical predictors due to their relative sensitivity and specificity for AD (127). These CSF
values were log-transformed before statistical analyses due to their skewed distribution.
3.2.3. fMRI paradigm and behavioral analysis
Participants performed a visual working memory paradigm during fMRI scanning. The
paradigm was a modified delayed-match-to-sample task (Figure 3.1) with multiple targets
and repeating intervening distractors, which increases demands on executive processes
(244,245). The task stimuli were two-dimensional pictures of common objects selected from
Snodgrass and Vanderwart (248). During task blocks, participants were asked to ‘hold in
mind’ the two target images and indicate (via button press) whether or not each of 12
serially presented single samples represented a match with either target image. Sample
images were either one of the two target (match) images presented at the beginning of the
task block or distractor (non-match) images, which were repeated between 2-4 times in a
block. The ratio of targets to distractors in each block ranged from 5:7 to 7:5. During
baseline blocks, participants viewed scrambled versions of sample images (created by Fast
Fourier transform algorithms). Participants completed a brief practice session prior fMRI
scanning.
The experiment was divided into two fMRI runs. Each run consisted of 8 task blocks
(28 sec/per) and 8 visuomotor baseline blocks (10 sec/per). Responses were made using
MRI compatible hand-held response button boxes, with button press response mappings
counterbalanced across participants. Stimuli were presented using E-prime software
(Psychology Software Tools, Inc., Pittsburgh, PA) and projected to a screen using an MRI
compatible projector. Participants viewed the screen via a mirror mounted on the MRI head
coil. The stimulus presentation program was used to log response time and accuracy for
each working memory trial. Task accuracy was analyzed using corrected recognition (CR),
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which is the hit rate (number of targets correctly identified as targets) minus the false alarm
rate (number of distractors incorrectly identified as targets). Mean response time (RT) was
also calculated for each individual by averaging RT on all trials.

Figure 3.1. Working memory paradigm. A schematic of the working memory paradigm.
Task blocks involved presentation of two target images surrounded by a green border
followed by 12 single ‘test’ images (match or non-match). Participants were asked to hold ‘in
mind’ the target images and decide whether each single test image represented a match, or
a non-match, with either of the target images. Blank screens between images represent
temporal jittering. The control condition (baseline blocks) involved viewing 5 sequentiallypresented scrambled images. Analyses compared BOLD signal during a portion of the
maintenance/decision epoch with BOLD signal during a portion of the control condition.

3.2.4. Imaging protocol
All participants underwent the same core imaging protocol using a Siemens Trio TIM 3 Tesla
scanner with a 32-channel head coil at the University of Kentucky Magnetic Resonance
Imaging and Spectroscopy Center (MRISC). The core protocol consisted of: 1) High
resolution T1-weighted anatomical image, 2) Two task-based (tb)-fMRI blood-oxygen-level
dependent (BOLD) T2*-weighted functional imaging runs, 3) one rs-fMRI BOLD T2*weighted functional imaging run, and 4) diffusion tensor imaging (DTI). In addition to the
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core protocol, older adults also underwent fluid-attenuated inversion recovery (FLAIR)
imaging.
The high resolution T1-weighted image was acquired using a magnetizationprepared rapid echo gradient-echo (MPRAGE) sequence [Repetition time (TR) = 2530ms,
Echo time (TE) = 2.26ms, inversion time (TI) = 1100ms, Flip angle (FA) = 7°, acquisition
matrix = 256 × 256 × 176, field of view (FOV) = 256mm2, 1mm isotropic voxels]. Tb- and rsfMRI were acquired using gradient-echo echo-planar imaging (EPI) [TR = 2000ms, TE =
27ms, FA = 83°, acquisition matrix = 64 × 64, FOV = 224mm2, 3.8mm isotropic voxels, 36
interleaved slices]. DTI was acquired using a double-refocused spin-echo EPI sequence [TR
= 8000ms, TE = 96ms, FA = 90°, FOV = 224mm2, 2mm isotropic voxels, 52 contiguous
slices] with 60 non-collinear encoding directions (b = 1000s/mm2) plus 8 images without
diffusion weighting (b0). FLAIR images were collected using a fat saturated, turbo-spin echo
(TSE) sequence [TR = 9000ms, TE = 89ms, TI = 2500ms, FA = 130°, acquisition matrix =
256 × 174 × 34, 1 × 1 × 4mm voxels].
3.2.5. Image pre-processing and quality control
The FMRIB Software Library [FSL, (221,249) v.5.0.9] was used for all image processing and
analysis unless otherwise stated. The T1-weighted structural image was bias-field corrected
using FAST and brain extracted using BET(250,251) . Each participant’s structural image
was registered to the MNI152 T1 2mm template using FLIRT to generate an initial linear
affine transformation (252), followed by non-linear warping using FNIRT with 20mm warp
resolution (223).
fMRI data were motion corrected using MCFLIRT, smoothed with an 8mm Gaussian
filter, and high-pass filtered at 90s using FEAT v.6.0.0 (221). Participants with > 1.5mm root
mean square relative motion were excluded (one older adult). Frame-wise displacement
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(FD) was calculated using the FSL motion outlier utility, and volumes with FD > 0.5mm were
considered motion outliers (253). A threshold of no more than 20% of volumes being
identified as outliers was applied but did not lead to the exclusion of any functional runs.
Each functional run was registered to the individual’s high-resolution T1-weighted structural
image using boundary-based registration (222), and then transformed into MNI152 T1 2mm
space by applying the non-linear warp for the structural image (described above).
6mm Gaussian spheres were created in the lateral ventricles and frontal, temporal,
parietal, and occipital WM to generate a CSF region-of-interest (ROI) and WM ROI. Timeseries were extracted from both the CSF and WM ROIs for each of the functional runs.
Regression was performed on each functional run using the fsl_glm utility with the following
parameters: 1) Six motion parameters generated from MCLFIRT, 2) parameter for each
volume classified as a motion outlier, 3) Time-series from the CSF ROI, and 4) Time-series
from the WM ROI. The residuals of the regression analysis were saved as the cleaned
functional data for further analyses.
3.2.6. Independent component analysis (ICA)
ICA was performed with FSL MELODIC using the concatenation approach with
dimensionality set to 20 components (254). Group-level analysis was performed using the
cleaned functional data for each functional run separately. In each run, a component
including the canonical DMN regions was visually identified. The FSL independent
component cross-correlation utility was then used to confirm high correlation between the
time series of the selected DMN components from the two tb-fMRI runs. The components
from the two tb-fMRI runs were then averaged together and thresholded at p < .005 (which
met an FDR-corrected threshold of p < .05 using FSL’s fdr utility). In order to confine
analyses to DMN regions showing both TID during the task and connectivity at rest, the tbICA results were then masked by the DMN component identified from rs-fMRI (which was
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also thresholded at p < .005). Clusters were then identified using a threshold of Z > 0 (as all
voxels remaining had already been determined to reach significance) in order to locate peak
voxels (Table 3.2). The resulting clusters were used as ROIs for time-series analyses (see
Figure 3.4).
3.2.7. DMN TID analysis
Time-series were extracted across all ROIs for each participant/run/block. BOLD signal
during baseline was computed by averaging the middle 6s of all baseline blocks (in order to
avoid the upshoot and downshoot associated with the onset/offset of blocks). BOLD signal
during the task was computed by averaging the middle 6s of all working memory blocks (to
parallel sampling of the baseline blocks). TID was then computed as percent signal change
by subtracting the BOLD signal during the task from the BOLD signal during baseline,
dividing by the BOLD signal during baseline and multiplying by 100. The sign of percent
signal change was then inverted to indicate the magnitude of TID for ease of interpretation
of findings (i.e. more positive TID magnitude = more negative % signal change during the
task).
3.2.8. DTI analysis
FMRIB’s Diffusion Toolbox (FDT) v.3.0 was used for pre-processing and analyses. FSL’s
EDDY tool v. 5.0.8 was used for motion and eddy-current correction with automatic
replacement of outlier volumes (255,256). The b0 images were averaged to form a single b0
image, which was then brain extracted using BET in order to form a brain mask for DTI data.
DTIFIT was used to fit a voxel-wise tensor model, and each participant’s FA image was
registered to the FMRIB58 1mm template using the tract-based spatial statistics (TBSS)
pipeline (224). Data were projected onto a group skeleton with a threshold of FA > 0.2mm to
minimize partial volume effects and correct for residual misalignments.

66

In order to identify WM pathways connecting DMN cortical regions, probabilistic
tractography was performed. BEDPOSTX was used to fit a probabilistic diffusion model with
3 fibers in each voxel (226,227). PROBTRACKX2 was run in network mode using modified
Euler streamlining with parameters described previously (242). Before use as seeds for
tractography, the functionally-defined DMN ROIs were transformed to the FMRIB FA 1mm
template using the resultant parameters from registering the MNI152 T1 2mm template to
the FMRIB FA 1mm template using FLIRT. The DMN ROIs were then transformed to each
participant’s native diffusion space using the inverse of the non-linear warp generated in
TBSS (described above). Additionally, a mask of the brain stem from the Harvard-Oxford
Structural Atlas, which was used as an exclusion mask to avoid descending tracts, was
transformed from FMRIB FA 1mm space to each participant’s native diffusion space.
Successful streamlines were those originating in one DMN cortical seed and passing
through another DMN cortical seed without passing through the brainstem exclusion mask
or violating any of the other tractography parameters. A group template of DMN WM
pathways was formed in FMRIB FA 1mm space using a series of steps described in our
previous work (199). The resulting DMN-WM group template was then masked by the mean
FA skeleton generated in TBSS to minimize partial volume effects, resulting in a
skeletonized DMN-WM group template. Mean FA was then extracted from the skeletonized
DMN-WM group template in all participants.
3.2.9. FLAIR analysis
A semi-automated process (Figure 3.2) was used to identify white matter hyperintensities
(WMH) on older adult FLAIR images using a framework similar to one previously described
(257). Briefly, FreeSurfer (258,259) segmentation was performed on each participants’ T1image to create a WM template. Following registration to the 3D-FLAIR brain using FLIRT,
the T1-WM template was dilated using MIPAV and a 1mm Gaussian blur was applied using
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FSL’s SUSAN. This WM template was then used to mask the 3D-FLAIR image. A twoGaussian model was used to fit a voxel intensity histogram, from which the mean and
standard deviation of the dominant (normal appearing WM) Gaussian fit were identified.
These values were then used to threshold the FLAIR-WM image to include only voxels >
2.33 SD above the mean in order to form a WMH mask. The WMH mask was manually
edited to remove artefactual voxels in regions between the lateral ventricles and in inferior
slices (257). WMH volumes were then computed for each older adult. In addition, FLAIR
images were used to compute estimates of WMHs related to WM within the DMN of older
adults (described below).
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Figure 3.2. Overview of the WMH pipeline. 1: Inhomogeneity-corrected high-resolution
T1-weighted images were segmented using FreeSurfer in order to identify WM (yellow). 2:
Results of segmentation were smoothed and dilated to create a final WM mask (yellow). 3:
The FLAIR image was inhomogeneity corrected using the N3 algorithm in MIPAV. 4: The
WM mask was registered the inhomogeneity-corrected FLAIR image using a linear
transformation matrix generated from registration of the T1 image to the FLAIR image. 5:
The WM mask was used to form a FLAIR WM image. The voxel intensity distribution of this
image was plotted and the mean and standard deviation of the dominant appearing curve
was used to calculate the threshold of 2.33 SDs above the mean. 6: Thresholding the image
at 2.33 SDs above the normal appearing WM mean identified areas of WMH, which were
then manually edited to exclude artefactual areas between the lateral ventricles and in
inferior slices.
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3.2.10. Computing FA in Normal Appearing WM in Older Adults
This analysis sought to estimate FA in the DMN-WM of older adults within regions free from
WMH, that is, areas of normal appearing WM (naWM; all WM was considered naWM in
younger adults, in whom WMHs are rare). The first step was to generate a DMN naWM
mask by registering older adult’s WMH masks to their DTI space using the following steps:
The FLAIR image of each older adult was registered to their b0 image using FLIRT, and the
resultant parameters were used to transform each participant’s WMH mask to native DTI
space. The TBSS non-FA pipeline was then used to register each participant’s WMH mask
to the mean group skeleton in FMRIB FA 1mm space. A DMN naWM mask was then
generated for each older adult by subtracting their WMH-mask from the group skeletonized
DMN mask. FA was then extracted from the DMN-naWM skeletonized mask in each older
adult.
3.2.11. Computing WMH volume in the DMN-WM of Older Adults
This analysis sought to estimate the percentage of voxels within the DMN-WM of older
adults affected by WMHs (Figure 3.3). DMN-WMH volume was calculated for older adults by
masking each individual’s WMH image by the unskeletonized DMN-WM mask. The volumes
of non-zero voxels were computed using fslstats and divided by the volume of the DMN-WM
mask in order to calculate the % of DMN WM identified as WMH.
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Figure 3.3. Identification of DMN WMH. A: Example of WMHs identified using the pipeline
described in 3.2.9 (same as panel 6 in Figure 3.2). B: DMN WM pathways identified using
methods described in 3.2.8 (see 3.3.3 and Figure 3.7 for more detailed description of
results). C: WMHs located within DMN WM pathways were identified by masking WMHs (A)
with the DMN-WM mask (B).

3.2.12. Statistical analysis
SPSS 23 (IBM, Chicago, IL) was used for all statistical analyses. Paired t-tests were
performed to determine the difference between FA in DMN-WM and DMN-naWM within
older adults. FA in DMN-naWM was used in all further analyses. Bivariate relationships were
explored using partial correlations controlling for sex and education when testing age effects
across all participants and controlling for age, sex, and education when testing effects of
pathology within older adults. As bivariate relationships were primarily used to determine
variables to use for mediation analyses, a liberal significance threshold of p < .05 was used.
Multivariate relationships were explored using Preacher and Hayes mediation
analyses using the PROCESS macro for SPSS (207). Preacher and Hayes mediation uses
multiple linear regression methods to simultaneously test direct and indirect effects and uses
Monte-Carlo confidence intervals (CI) to assess significance. Effects that had 95% CIs that
did not cross 0 were considered significant. In order to test whether the effects of age and
pathology on DMN TID were mediated by DMN-naWM, separate mediation analyses were
performed to test whether DMN-naWM mediated the effects of age and pathology on DMN
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TID. Alternative models were also tested in order to determine if DMN-naWM had a direct
effect on DMN TID or if it was mediated by either age or pathology.
3.3. Results
Younger and older adults did not differ in male:female ratio (χ2 = 0.03, p = 0.87) or years of
education (t = 0.26, df = 62, p = 0.80). Demographic and mean outcome measures are
shown in Table 3.1. Older adults had significantly lower corrected recognition (CR; t = -4.29,
df = 62, p < .001) and higher reaction time (RT; t = 9.59, df = 62, p < .001) compared to
younger adults (Figure 3.4). Further, CR was inversely correlated with RT after controlling
for age, sex, and education (r = -0.31, df = 59, p = .017).

Figure 3.4. Working memory performance. A: Corrected recognition was lower in older
adults compared to younger adults. There was also greater variability in older adult
performance compared to younger adult performance, mostly due to a ceiling effect in
performance. B: Reaction time was slower in older adults compared to younger adults.
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Table 3.1. Group demographics and mean outcome measures
Younger adults
Older adults
(n = 29)
(n = 35)
Age (Years)

24.14 ± 3.88

76.69 ± 7.15

M:F

12:17

15:20

Education (Years)

16.59 ± 2.10

16.64 ± 2.41

Corrected Recognition

0.947 ± 0.052

0.861 ± 0.098

Reaction Time (ms)

543.1 ± 61.9

725.1 ± 85.3

DMN TID (% signal change)

-0.15 ± 0.09

-0.09 ± 0.12

FA in all DMN-WM

0.62 ± 0.01

0.57 ± 0.030

FA in DMN naWM

0.62 ± 0.01

0.58 ± 0.027

Total WMH Volume (%ICV)

--

0.44 ± 0.24

DMN WMH Volume (% DMN WM)

--

3.63 ± 3.15

CSF Aβ42 (pg/mL)

--

271.1 ± 80.6

CSF t-tau/Aβ42 ratio

--

0.23 ± 0.14

Values are mean ± standard deviation.

3.3.1. ICA results
The ICA analyses for each tb-fMRI run produced a component that included DMN regions
and other non-DMN (task-specific) regions. Cross-correlation between the component from
each run was high (r = 0.95). After averaging, thresholding at an FDR-corrected level of p <
.005 (Figure 3.5a), and masking by the rs-fMRI DMN component (Figure 3.5b), the final set
of DMN regions (Figure 3.5c) consisted of: the midline posterior cingulate cortex/precuneus
(PCC/pC) and ventromedial prefrontal cortex (vMPFC), as well as bilateral dorsal medial
prefrontal cortex (dMPFC), lateral occipital/parietal cortices (LOC/LPC), and lateral temporal
cortices (LTC). In addition, the DMN included the right hippocampus (HC) and left
parahippocampal gyrus (PHG). Peak coordinates for each of these regions are shown in
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Table 3.2. One-way t-tests found that both younger and older adults showed significant TID
(t = 8.93, 4.41; df = 28, 34; p < .001) during the working memory task across the DMN.

Figure 3.5. Identification of DMN. ICA was performed separately for each task-based run
and then averaged together (A). The task-based DMN was then masked by the DMN
component identified in rs-fMRI data (B) to form a final mask of DMN regions (C). The
clusters in this final mask were sued for all functional analyses and as seeds for probabilistic
tractography. A-C: The DMN regions overlaid on top of the MNI151 T1 2mm3 standard brain.
Color scale is shown to the right, with values representing the minimum and maximum Zvalues shown.
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Table 3.2. Peak coordinates of ROIs
Region

Peak Z

# Voxels

MNI X

MNI Y

MNI Z

Posterior cingulate cortex

33.7

9050

-6

-52

26

Ventral medial prefrontal cortex

24.8

5481

-2

56

-2

Lateral occipital/parietal cortex

24.2

2965

-44

-68

36

Dorsal medial prefrontal cortex

20.4

1042

-18

34

44

Lateral temporal cortex

14.4

557

-60

-10

-14

Parahippocampal gyrus

7.12

218

-24

-36

-10

Lateral occipital/parietal cortex

17.1

2322

52

-60

34

Dorsal medial prefrontal cortex

14.4

790

22

36

42

Lateral temporal cortex

12.4

696

60

-6

-16

Hippocampus

5.16

78

30

-20

-16

Midline

Left Hemisphere

Right Hemisphere

Peak coordinates for ROIs are the peak Z-value from the average tb-DMN after masking
with the rs-DMN. The number of voxels is the total number of voxel belonging to the cluster
(size of each ROI)

3.3.2. Association between DMN TID and Working Memory Performance
Partial correlations were performed between DMN TID and working memory performance
across all participants and within older adults. There was no association between DMN TID
and CR on the working memory task across all participants or within older adults (r = 0.16,
df = 60, p > .21). However, significant relationships (Figure 3.6) were observed between less
DMN TID and slower RT on the working memory task across all participants (r = -0.41, df =
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60, p = .001) and within older adults (r = -0.59, df = 30, p < .001), but not in younger adults (r
= 0.16, df = 24, p = .434).

Figure 3.6. Relationship between DMN TID and working memory performance. Scatter
plots of RT against DMN TID across all participants (A) and within older adults (B) show a
significant inverse relationship, while there was no significant relationship within younger
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adults (C). Values are standardized residuals after regressing out the effects of sex and
education (A) or age, sex, and education (B-C). The r- and p-values are for the linear best fit
(thick dashed line). Thin dashed lines indicate the 95% confidence interval for the predicted
response.
3.3.3. Probabilistic tractography results
A common set of DMN WM pathways (tracts connecting DMN cortical regions) was
identified across younger and older adults (Figure 3.7a-c). The common DMN WM pathways
included midline association tracts (cingulum and fornix), lateral association tracts (inferior
fronto-occipital fasciculus, superior longitudinal fasciculus, and inferior longitudinal
fasciculus) and commissural tracts (genu and splenium of the corpus callosum).
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Figure 3.7. Results of probabilistic tractography and WMH analyses. The group
template formed from combining individual tractography results is shown. A-B: Seeds used
for tractography (red) and WM pathways connecting these seeds (blue). C: DMN WM
pathways include portions of the cingulum, fornix, corpus callosum splenium and genu,
superior and inferior longitudinal fasciculi, and other unnamed association tracts. D: Voxels
classified as WMH in at least 2 participants that overlapped (green) or did not overlap (red)
with DMN WM show that DMN WM pathways are relatively spared from WMH. PCC:
posterior cingulate cortex, MPFC: medial prefrontal cortex, dMPFC: dorsal medial prefrontal
cortex, LTC: lateral temporal cortex, LOC/LPC: lateral occipital/parietal cortex, HC:
hippocampus, CC: corpus callosum, SLF: superior longitudinal fasciculus, ILF: inferior
longitudinal fasciculus.
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3.3.4. WMHs in the DMN-WM of Older Adults
On average, 3.6 ± 3.1% of all DMN WM voxels (median = 2.4%, range = 0.4-13%) were
affected by WMHs. For visualization purposes, a mean WMH mask thresholded to show
voxels in which at least 2 participants had a WMH was created and overlaid on the DMN
WM template (Figure 3.7d). Within older adults, FA in all DMN-WM was significantly lower
that FA in DMN-naWM (t = -5.29, df = 34, p < .001). Further, DMN-WMH volume was
correlated with FA in all DMN-WM (r = -0.48, df = 30, p = .005) but not with FA in DMNnaWM (r = -0.29, df = 30, p = .11) after controlling for age, sex, and education within older
adults. Repeating the analyses without age as a covariate resulted in similar results,
although DMN-WMH volume was marginally correlated with FA in DMN-naWM (r = -0.32, df
= 31, p = .06).
3.3.5. Age-related alterations in DMN function and WM microstructure
Increasing age was associated with less DMN TID (r = -0.26, df = 60, p = .043) and lower
FA in DMN-naWM (r = -0.76, df = 60, p < .001). Further, lower FA in DMN-naWM was
associated with less DMN TID (r = 0.38, df = 60, p = .002). Results of Preacher and Hayes
mediation analyses (Figure 3.8a), revealed that FA in DMN-naWM mediated the effect of
age on DMN TID magnitude (ab = -0.32 [-0.62, -0.07], c’ = 0.06 [-0.30, 0.43]). In contrast,
the alternative model (Figure 3.8b), revealed that DMN-naWM had a direct effect on DMN
TID that was not mediated by age (c’ = 0.44 [0.06, 0.82], ab = -0.05 [-0.32, 0.24].
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Figure 3.8. Results of age mediation analyses. A-B: Results of mediation analyses show
that FA in DMN-naWM mediates the relationship between age and DMN TID magnitude
across all participants, but age does not mediate the relationship between FA in DMNnaWM and DMN TID magnitude. C-F: Results of mediation analyses show that the FA in
DMN-naWM mediates the relationship between CSF Aβ42 and DMN TID (B) and between
CSF tau/Aβ42 and DMN TID (D). The alternative models found that neither CSF Aβ42 (D) or
CSF tau/Aβ42 (F) mediated the relationship between FA in DMN-naWM and DMN TID.
Instead, there was a direct effect of DMN-naWM on DMN TID and AD pathology, but AD
pathology was not related to DMN TID in the presence of DMN-naWM. A-F: Values are
standardized β-coefficients, with significant paths shown as solid lines with bold β-values,
while non-significant paths are shown as dashed lines with β-values in italics. Values above
the horizontal arrow are the total effect (c) and values below the arrow are the direct effect
(c’).
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3.3.6. AD pathology related alterations in DMN function and WM microstructure
Results of bivariate relationships are shown in Table 3.3. Significant relationships were
observed between AD markers (CSF Aβ42 and tau/Aβ42), DMN TID, and FA in DMN-naWM.
DMN WMH volume was not correlated with AD pathology or DMN TID. Results of mediation
analyses (Figure 3.8c-f) found that the relationship between Aβ42 and DMN TID magnitude
was mediated by FA in DMN-naWM (ab = 0.15 [0.02, 0.47], c’ = 0.21 [-0.16, 0.59]). Similarly,
the relationship between the tau/Aβ42 ratio and DMN TID magnitude was also mediated by
FA in DMN-naWM (ab = -0.15 [-0.49, -0.003], c’ = -0.21 [-0.58, 0.15]). In contrast, neither
Aβ42 (ab = 0.11 [-0.06, 0.35]) nor tau/Aβ42 ratio (ab = 0.11 [-0.03, 0.41]) mediated the
relationship between FA in DMN-naWM and DMN TID magnitude.
Table 3.3. Bivariate relationships within older adults
Lg(Aβ42)

Lg(Tau/
Aβ42)

DMN WMH
Volume

FA in DMNnaWM

DMN
TID

--

-0.77

-0.18

0.43

0.36

(<.001)

(.333)

(.014)

(.043)

--

-0.11

-0.41

-0.36

Aβ42)

(.566)

(.020)

(.045)

DMN WMH
Volume

--

-0.29

-0.09

(.105)

(.611)

--

0.44

Lg(Aβ42)

Lg(Tau/

FA in DMNnaWM

(.012)

Values are partial correlation coefficients while controlling for age, sex, and education. Pvalues are shown in parentheses, with significant relationships in BOLD and non-significant
relationships italicized. All tests had df = 30.
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3.4. Discussion
These results provide novel evidence that age-related declines in WM microstructural
properties contribute to diminished DMN TID associated with age and AD pathology.
Consistent with previous findings, age-related reduction in TID was associated with poorer
task performance in CN older adults. In addition, TID was negatively affected by both age
and AD pathology. However, the effects of age and AD pathology on DMN TID were driven
by a shared pathway through disruption of WM microstructure. Together these findings
suggest that disruptive effects of age and AD pathology on DMN function may operate in
part via a “double-hit” on WM microstructure.
3.4.1. TID magnitude is positively associated with working memory performance
The DMN is defined by high levels of connectivity at rest and deactivation during some
externally-directed cognitive tasks (35,37,65). However, portions of the DMN may not
deactivate during certain tasks that place demands on the cognitive processes carried out
by those regions (38,80). Further, many regions that do not belong to the DMN show TID in
a task-dependent manner (33,34). Therefore, we focused on the DMN response relevant to
EF by masking regions showing TID during a working memory task by a resting-state DMN
identified in the same participants in order to identify regions showing both TID and rsC.
This approach identified a set of DMN regions including the midline PCC and vMPFC,
bilateral LOC/LPC, LTC, and dMPFC, as well as right HC and left PHG (24,25,37).
As expected, TID in the DMN was reduced in older compared to younger adults.
Further, within older adults, lower TID was associated with slower working memory
performance, which is consistent with the view that DMN TID is of functional relevance to
executive task performance (29,30,242). It is noteworthy that slower performance reflected
poorer performance on our working memory task, rather than a speed-accuracy trade-off, as
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there was a negative relationship between working memory RT and accuracy. The reason
for the lack of correlation between DMN TID and CR is unclear but may be due to near
ceiling performance on the task. Nevertheless, the relationship between less TID and poorer
task performance is thought to reflect that greater ongoing activity in the DMN during the
task (less TID) increases interference with task-relevant executive control
processes(29,242).
3.4.2. TID is associated with microstructural declines in WM connecting DMN regions
We sought to understand the extent to which diminished TID in the DMN is associated with
reduced anatomical connectivity between DMN cortical regions. Probabilistic tractography
used functionally-defined seed regions to identify WM pathways connecting DMN regions in
each individual. A group template was generated using a previously established method in
order to identify the average paths connecting DMN regions across younger and older
adults, which has been shown to minimize bias towards one age group (199). This approach
identified a core set of tracts prominently involving paths connecting limbic structures
(cingulum and fornix), cross-hemispheric pathways (CC-genu and CC-splenium), and long
cortico-cortical association pathways (SLF, ILF, IFOF).
Consistent with previous work, our results indicated that altered microstructure within
WM pathways regions connecting DMN regions (DMN WM) was associated with DMN TID
during executive task performance (26,242). Decline in WM microstructure through
decreased axonal, myelin, and/or synaptic density is thought to contribute to a noisier
signaling environment (165,260,261). Our results suggest that capacity for DMN TID is
disrupted by a noisy WM signaling environment. One possibility would be that a noisier
signaling environment may negatively impact the efficiency of synaptic communication by
disrupting temporal and spatial summative processes. This disruption of synaptic
communication may reduce the capacity of older adults to dampen DMN activity during a
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demanding executive tasks (242). Thus, greater ongoing activity in the DMN results in
increased interference from internally-generated thought processes and poorer task
performance (29,242).
3.4.3. DMN WMHs play a minor role in altered DMN structure and function in older adults
WMH distribution was heterogeneous across individuals. However, periventricular WMHs
were common (continuous anterior-posterior band in Figure 3.7d). Interestingly, WMHs
showed minimal overlap with DMN WM, affecting ~3.5% of all DMN WM. The main areas of
overlap were in periventricular regions, especially at the posterior horn of the lateral
ventricles. While there was a significant inverse relationship between WMH volume and
microstructure in all DMN WM, there was no relationship with microstructure in DMN naWM
(which represented nearly 97% of all DMN-WM). Finally, DMN TID was not correlated with
DMN WMH volume. Together, these findings suggest that early-stage CVD pathology in CN
older adults, due to its relatively circumscribed periventricular distribution, does not appear
to significantly affect DMN function. Future research should explore the effects of WMH on
DMN function in later disease stages as pathology becomes more advanced and
widespread (188,262).
3.4.4. DMN WM microstructure is negatively associated with increasing age and AD
pathology
Increasing age and increasing levels of AD pathology were associated with altered in
microstructure within naWM of DMN pathways. Age-related reductions in WM microstructure
are well-established (160,161,171). More recently, several studies have reported negative
associations between WM microstructure and AD pathology (196–198). The present results
show that AD pathology is associated with lower FA in a distributed set of tracts interconnecting the DMN. In contrast to WMHs, microstructural alterations within naWM are
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thought to reflect subtler alterations in the quality of WM (263). These alterations may
include decreases in the density of axonal and/or myelin membranes (168). The
relationships between age and AD pathology with microstructure in naWM along with the
lack of relationship of DMN WMH volume with age or AD pathology suggest that age and
AD pathology are associated with these subtle alterations in axonal/myelin integrity in a
manner that is independent of CVD pathology.
3.4.5. WM microstructure mediates relationships between age/AD pathology and DMN
function
The most important finding of the present study is that both age and AD pathology are
associated with less DMN TID through a common pathway of lower FA in DMN WM (Figure
3.9). These results may suggest that a potential “double hit” of increasing age and AD
pathology on WM microstructure contributes to diminished DMN TID in older adults.
However, it remains unclear if the relationships we observed generalize to clinical
populations. Future studies should seek to understand these effects in individuals with more
diminished DMN TID, such as those with mild cognitive impairment or AD (95,98).
Nevertheless, the current results underline the importance of elucidating the mechanisms
underlying WM microstructure declines in aging and AD.

Figure 3.9. DMN WM microstructure as common pathway contributing to diminished
DMN TID. Diagram depicting the proposed role of DMN WM microstructure as a common
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pathway by which age and AD pathology contribute to DMN function. Decline in WM
microstructure creates a noisier signaling environment, which leads to the increased DMN
activity (and default-mode processes) during the working memory task, which impairs
performance. This dysfunctional response in the DMN may only become apparent once WM
microstructure is significantly impacted by both age and AD pathology.

Aging is associated with a loss of axons and myelin content (264). Further, it appears
that small-diameter, lightly-myelinated axons, such as those seen in DMN-WM, are
particularly vulnerable (47,175,176). Age-related myelin loss is met with increasing myelin
repair processes (260,265,266). However, myelin laid down during repair is typically thinner
and less compact, which may result in decreased measures of WM microstructure (265). In
addition, both axons and oligodendrocytes are vulnerable to a variety of toxins, ROS, and
hypo-perfusion (267–270). Finally, synaptic loss is well-characterized in normal aging, which
may be indirectly reflected due to the loss of underlying axons or synaptic dysfunction
leading to axonal retraction (179,271). It is likely that each of these cellular alterations
contribute to age-related reduction in WM signaling within the DMN.
Increasing AD pathology may also negatively affect WM microstructure through
various mechanisms. We observed relations with both Aβ42 alone and the tau/Aβ42. This
suggests that Aβ42 may be associated with declining WM microstructural properties
independently of tau, as well as in a synergistic manner with increasing tau pathology.
Studies performed in vitro have demonstrated that increasing concentrations of Aβ42 are
toxic to oligodendrocytes and to formation of new myelin sheaths (200,201,272). Further,
post-mortem studies have found that increasing concentrations of soluble Aβ species are
found in the WM of individuals with AD and are associated with significant loss of axons and
myelin (273,274). Finally, tau and Aβ42 may act via a synergistic pathway in order to disrupt
FAT (203,275). Disruption of FAT interferes with myelin repair processes, axonal integrity,
and synaptic viability (260).

86

It should be noted that results of the alternative models (Figure 3.8d,f) indicate that
we cannot rule out the possibility that AD pathology and reduced TID both occur
independently following decline in WM microstructure (note the solid arrows representing
significant pathways between WM and both AD pathology and TID). Consistent with this
view, the myelin model of AD suggests that increased Aβ42 and tau are by-products of
increased myelin repair processes that occur in aging (260). Further, these interpretations
are not mutually exclusive, as initial deposition of AD pathology via processes described by
the myelin model may in turn negatively influence WM microstructure through the
mechanisms described above. Alternatively, initial age-related declines in WM
microstructural properties may lead to increased synaptic activity, which itself contributes to
greater AD deposition (276,277). Considerable future multimodal, longitudinal studies will be
necessary to distinguish between these different possibilities.
3.4.6. Limitations
As noted, this study is cross-sectional, and future longitudinal work should look to better
understand the temporal order of alterations in diminished DMN TID, WM microstructure, AD
pathology, and CVD pathology. Nevertheless, our findings indicate that age and AD
pathology are only associated with DMN function to the extent that they are associated with
WM microstructure. Second, this study recruited groups of younger and older adults but not
middle-aged adults. Future studies should look to recruit middle-aged adults in order to test
these findings across the lifespan. In addition, while relationships were observed between
DMN TID and RT, no relationships were observed between TID and task accuracy. This is
likely due to the near ceiling performance on the task. Future studies should seek to use
tasks that are capable of producing greater variability in task performance such that
relationships between brain function and task accuracy can be adequately assessed.
Finally, AD and CVD pathology were treated as a continuous variable in the present study. It
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is unclear whether the effects of pathology are better assessed through group comparisons
or by treating pathology as a continuous variable. In addition, only CN older adults were
included in the present study, which might underestimate the association between pathology
and DMN function because only early changes were studied. Future work should recruit
large samples across disease spectrums, in order to assess pathology through group
comparisons and through treatment as a continuous variable across and within both
pathological and clinical groups.
3.4.7. Conclusions
The present study provides further evidence that altered WM microstructure is a key
contributor to diminished DMN TID in older adults. Moreover, subtle WM microstructural
alterations are sufficient to disrupt DMN function in older adults in the absence of more
advanced cerebrovascular pathology. Finally, microstructural declines in WM represent a
shared pathway by which increasing age and AD pathology are associated with this
dysfunctional response in the DMN. At the broadest level, DMN WM microstructure may
serve as a valuable biomarker that captures the combined effects of both age and AD
pathology.
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4. Experiment 3: Breakdown in default mode network circuitry predicts baseline and
longitudinal change in executive function in cognitively normal older adults
4.1 Introduction
Executive function (EF) underlies the human capacity for flexible and adaptive thought
processes, such as working memory, task switching, and inhibitory control (10). Older adults
are known to show significant declines in EF compared to younger adults (1). Much of the
research seeking to understand the basis for these declines in the brain have focused on
frontal and parietal regions belonging to the executive-control network (19–21). However,
recent evidence suggests that alterations in the default mode network (DMN) significantly
contribute to EF in older adults (29,30,106). While the DMN is responsible for internallyfocused thought processes, failure to deactivate these processes during externally-directed
tasks appears to interfere with EF processes involved in the task-at-hand (29,242).
The DMN is negatively impacted by aging, with declines in DMN function occurring
linearly across the adult lifespan (92,96,211). However, alterations in the DMN contributing
to EF in older adults may also be associated with preclinical Alzheimer’s disease (AD). AD
pathology is the most prevalent neurodegenerative pathology in older adults, and preclinical
pathology is present in over 20% of cognitively normal (CN) older adults over the age of 65
(124–126). Of particular interest, AD pathology shows a predilection for the DMN with both
abnormal accumulations of β-amyloid (Aβ42) and tau occurring during the preclinical disease
stage (38,145,146). Further, increased AD pathology in CN older adults is negatively
associated with DMN function (Chapter 3, 99,156).
Interestingly, declines in DMN function associated with aging and AD pathology may
occur through a common pathway of declining white matter (WM) microstructure (Chapter
3). WM is responsible for electrochemical signaling between the distant brain regions
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making up large-scale brain networks, such as the DMN. WM microstructure reflects
alterations in the density and coherence of axonal and myelin membranes as measured by
diffusion tensor imaging (DTI) (168). These declines are apparent in normal aging
(160,161,171) and have recently been associated with greater AD pathology in CN older
adults (196–198). Our recent results demonstrated that declining WM microstructure in the
pathways connecting DMN regions mediated both age- and AD pathology-related declines
in DMN task-induced deactivation (TID) in CN older adults (Chapter 3). This lower level of
TID was in turn associated with poorer performance on a working memory task.
These previous findings suggest that the DMN may contribute to EF declines in older
adults associated with both normal aging and AD pathology. However, it is unclear whether
these findings extend to more broadly used, clinical measures of EF. Finally, it is unknown if
these measures of DMN structure and function may predict longitudinal change in EF. In
order to assess these questions, we used baseline measures of DMN TID, WM
microstructure, and AD pathology from our previous study to predict neuropsychological test
scores of EF both at baseline and over a three-year follow-up period. In addition to testing
bivariate relationship, mediation analyses were used to determine if baseline DMN WM
microstructure mediated longitudinal change in EF predicted by baseline levels of AD
pathology.
4.2. Methods
4.2.1. Participants
Thirty-two CN older adults (age at baseline: 66-93 years old) were selected from our
previous neuroimaging study (Chapter 3) of 39 CN older adults (ages 65-93) based on
availability of longitudinal neuropsychological testing and quality neuroimaging data. The
original cohort was recruited from a larger cohort of CN older adults followed by the
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University of Kentucky Sanders-Brown Center on Aging (SBCoA), which has been
described previously (246). Seven participants from the original cohort were excluded from
the current study due to: poor neuroimaging data quality (n = 4, see Chapter 3 for details),
decision not to enroll in neuropsychological testing portion of the study (n = 2) or loss to
follow-up after baseline visit (n = 1). Inclusion and exclusion criteria were the same as
previously reported (Chapter 3). Demographic characteristics of the final cohort of 32 CN
older adults are shown in Table 4.1.
4.2.2. Evaluation of EF
All participants underwent the standard battery of neuropsychological tests included in the
UDS-2 at baseline (16). Individuals returned annually to undergo the UDS battery. Three
tests from the UDS were used in the present study: Trailmaking Test Part A (TMT-A),
Trailmaking Test Part B (TMT-B), and the Digit Symbol test from the Weschler Adult
Intelligence Scale-IV (WAIS-DS). Raw scores were first standardized based on age, sex,
and education using scores generated from the larger SBCoA cohort, as previously
described (278). Age, sex, and education-standardized scores for TMT-A were then
regressed out of TMT-B and WAIS-DS standardized scores in order to exclude components
of raw processing and motor speed common to all tests (14). The resulting residuals were
then combined to form a composite EF score by subtracting the TMT-B residuals (higher
scores = worse performance) from the WAIS-DS residuals (higher scores = better
performance) and dividing by 2 (Figure 4.1). Therefore, higher EF composite scores
reflected better performance.
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Figure 4.1. Formation of EF composite score. The EF composite score consisted of
combining the standardized residuals of the TMT-B score (left) and WAIS-DS score (right)
after regressing out TMT-A scores in order to control for processing and perceptual-motor
speed. Areas shaded in green represent better EF (performed better than predicted based
on speed alone), while areas shaded in red represent worse EF (performed worse than
predicted based on speed alone). The arrows represent the residuals, with longer arrows
representing larger residuals and shorter arrows representing smaller residuals. Larger,
positive residuals for WAIS-DS represented better EF, while larger, negative residuals for
TMT-B represented better EF. Therefore, the EF composite was calculated by subtracting
the TMT-B standardized residual from the WAIS-DS standardized residual, such that higher,
positive composite EF scores reflected better EF.

The EF composite was calculated for each participant at each visit. One-year change
between each visit was calculated by subtracting the EF score of the current visit from the
previous visit (i.e. EF composite at Year 1 visit – EF composite at baseline visit). Each
participant’s average annual change in EF was then calculated by averaging all of that
individual’s available one-year change scores (average the change from year 0 to year 1,
year 1 to year 2, and year 2 to year 3).
4.2.3. Data from previous study
Neuroimaging data (DMN TID and WM microstructure) and cerebrospinal fluid (CSF)
concentrations of Aβ42 and tau/Aβ42 from our previous study were used. The methods for
obtaining these measures are described in detail in our previous study (Chapter 3) and
outlined briefly below.
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All participants underwent a standard neuroimaging protocol and lumbar puncture at
baseline (year 0) within 8 months of their initial neuropsychological testing (mean = 6.43 ±
110.92 days, max = 243 days). Lumbar puncture was performed following an overnight fast,
and CSF was shipped to the University of Pennsylvania on dry ice. CSF was analyzed using
the xMAP-Luminex platform with Innogenetics Ino-BIA (Alz3Bio, Ghent, Belgium)
immunoassay kit as previously described (127). The neuroimaging protocol included, T1weighted high-resolution structural images, T2*-weighted functional runs, diffusion tensor
imaging, and fluid-attenuated inversion recovery (FLAIR) imaging. Individuals performed a
modified delayed match-to-sample paradigm during fMRI (245). The FMRIB software library
(FSL) version 5.0.9 (221,249) was used for pre-processing and analysis of neuroimaging
data. T1-weighted images were brain extracted (251), bias-field corrected (250), and nonlinearly warped to the MNI152 T1 2mm3 template using a 20mm warp resolution (223).
Functional runs were motion-corrected, registered to high resolution image using boundarybased registration (222), and then registered to the MNI152 T1 2mm3 template using the
warp fields for the T1-weighted image.
fMRI data were scrubbed for motion with both regression of motion parameters and
removal of motion outliers using a frame-wise displacement threshold of > 0.5mm (253).
Further nuisance regression removed signal of white matter and CSF (Chapter 3). The
residuals from these pre-processing steps were then used as inputs for independent
component analysis (ICA) using MELODIC’s concatenation approach (279). A network of
DMN regions was identified during the task and masked by a resting-state DMN to form a
final region-of-interest (ROI). The time-series were extracted from the DMN ROI and mean
TID was calculated by subtracting BOLD signal during the middle 6s of the task-blocks from
the middle 6s of baseline blocks (Chapter 3).
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DTI data were brain extracted, corrected for eddy currents and motion (255,256),
and registered to the FMRIB58 FA 1mm3 template using TBSS after initially fitting a voxelwise tensor model using FDT (224). Probabilistic tractography utilized BEDPOSTX and
PROBTRACKX to generate a set of WM pathways connecting DMN regions (DMN-WM)
after initially fitting a voxel-wise diffusion model with 3 fibers (226,227). FLAIR images were
used to identify WM hyper-intensities (WMH) using a semi-automated protocol. A mask of
normal-appearing DMN-WM (DMN-naWM) was then created for each participant by
masking out areas of WMH in each participant from the group DMN-WM template. FA was
then extracted from each participants DMN-naWM.
4.2.4. Statistical Analyses
SPSS 24 (IBM, Chicago, IL) was used for all statistical analyses. Baseline relationships
were first explored using bivariate correlations between all baseline variables: EF
composite, DMN TID, FA in DMN-naWM, CSF Aβ42, and CSF tau/Aβ42 ratio. Separate linear
regression models were then used to test whether any baseline variables could predict
average annual change in EF (ΔEF) after controlling for baseline EF. Due to the presence of
multivariate relationships, Preacher and Hayes mediation analyses (207) were used to
determine if any variables mediated the relationships between another variable and ΔEF.
Indirect effects with bootstrapped 95% confidence intervals not crossing 0 were considered
significant.
4.3. Results
Neuropsychological data was available for 31 participants at one-year follow-up, for 29
participants at two-year follow-up, and 28 participants at three-year follow-up. The average
number of annual visits (including baseline) available per participant was 3.75 ± 0.51 (range
= 2 – 4, median = 4). Average annual changes scores were calculated based on an average
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of 2.59 ± 0.71 annual change scores (range = 1 – 3, median = 3). Three individuals were
identified as outliers in ΔEF and were not included in the regression analyses.
Demographics and mean outcome measures are reported for the initial group of 32
participants and the group of 29 participants used in longitudinal analyses in Table 4.1.
Table 4.1. Demographic and Outcome Measures
Baseline (n = 32) Longitudinal (n = 29)
Age

77.7 (6.57)

77.8 (6.82)

Sex (M:F)

14:18

13:16

Education

16.5 (2.41)

16.7 (2.44)

DMN FA

0.58 (0.026)

0.58 (0.027)

DMN TID Magnitude (% signal change)

0.10 (0.119)

0.11 (0.109)

CSF Aβ42 (pg/mL)

271.4 (79.21)

270.2 (79.11)

CSF Tau (pg/mL)

56.9 (16.29)

57.2 (16.75)

CSF Tau/Aβ42

0.24 (0.140)

0.24 (0.142)

Baseline EF Composite

-0.12 (0.907)

0.08 (0.621)

Average Annual ΔEF

--

-0.04 (0.228)

Mean (S.D.) for individuals included in baseline analyses (left) and longitudinal analyses
(right)

4.3.1. Baseline relationships
At baseline, only DMN TID magnitude was correlated with EF (r = 0.47, p = .006), which
survived Bonferroni correction (Figure 4.2). FA in DMN-naWM had a trend-level relationship
with EF (r = 0.31, p = .086), while no other variables were related to baseline EF (p > .23).
Baseline DMN TID, FA in DMN-naWM, and AD pathology were all correlated (Table 4.2).
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Figure 4.2. Relationship between DMN TID magnitude and EF at baseline. Scatter plot
of EF composite at baseline against DMN TID magnitude (higher values = more
deactivation) at baseline shows a significant positive relationship. The thick dashed line
represents the linear best-fit and thin dashed lines are the 95% confidence interval for the
predicted response.

Table 4.2. Baseline relationships between imaging and CSF measures

DMN TID
magnitude

FA in DMNnaWM

CSF Aβ42

DMN TID
magnitude

FA in DMNnaWM

CSF Aβ42

CSF
tau/Aβ42

--

0.40

0.34

-0.39

(.025)

(.054)

(.029)

--

0.37

-0.35

(.040)

(.047)

--

-0.78
(.000)

CSF
tau/Aβ42

--
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Values are Pearson-r with p-values in parentheses. Significant (p < .05) relationships are
shown in bold. All analyses had n = 32.

4.3.2. Predicting Longitudinal Change in EF
EF declined -0.04 ± 0.228 units annually over the 3-year follow-up period. Baseline EF was
negatively associated with ΔEF (r = -0.46, p = .011). Separate linear regression analyses
were performed to determine whether DMN TID magnitude, FA in DMN-naWM, CSF Aβ42,
or CSF tau/Aβ42 ratio could predict ΔEF. All models were significant (F2,26 > 6.63, p ≤ .005),
and the addition of a baseline imaging or AD measure provided a significant increase in
variance explained over and above baseline EF (F-change1,26 > 4.80, p ≤ .038). Results of
these separate analyses (Figure 4.3) showed that DMN TID magnitude (β = 0.36, p = .038),
FA in DMN-naWM (β = 0.46, p = .001), CSF Aβ42 (β = 0.37, p = .032), and CSF tau/Aβ42 (β
= -0.45, p = .005) predicted ΔEF. Only FA in DMN-naWM and CSF tau/Aβ42 would be
considered significant after Bonferroni correction for multiple comparisons.

97

Figure 4.3. Prediction of longitudinal ΔEF by baseline measures. Partial regression
plots of average annual ΔEF against CSF Aβ42 (A), CSF Tau/Aβ42 ratio (B), FA in DMNnaWM (C), and DMN TID magnitude (D) after controlling for baseline EF. All values are
demeaned. The thick dashed lines represent the linear best-fit and thin dashed lines are the
95% confidence intervals for the predicted response.

4.3.3. Mediation Analyses
FA in DMN-naWM and CSF tau/Aβ42 were correlated at baseline and both predicted ΔEF
after correction for multiple comparison. Therefore, mediation analyses were performed to
determine whether: 1) FA in DMN-naWM mediates the relationship between CSF tau/Aβ42
and ΔEF, or 2) CSF tau/Aβ42 mediates the relationship between FA in DMN-naWM and
ΔEF. Results of these mediation analyses (Figure 4.4) found that FA in DMN-naWM
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mediated the relationship between CSF tau/Aβ42 and ΔEF (ab = -0.19 [-0.561, -0.009], c’ = 0.26 [ -0.574, 0.047]), but CSF tau/Aβ42 did not mediate the relationship between DMNnaWM and ΔEF (ab = 0.11 [-0.003, 0.384], c’ = 0.43 [0.113, 0.745]).

Figure 4.4. Results of primary mediation analyses. Preacher and Hayes mediation
analyses revealed that the relationship between CSF Tau/Aβ42 ratio and average annual
ΔEF was mediated by FA in DMN-naWM (A), but the relationship between FA in DMNnaWM and average annual ΔEF was not mediated by CSF Tau/Aβ42 (B). Values are
standardized β-estimates. Significant paths are shown as solid arrows with β-estimates in
bold, while non-significant paths are shown as dashed arrows with β-estimates in italics.

Supplementary mediation analyses (Figure 4.5) were performed to determine if
either FA in DMN-naWM or CSF tau/Aβ42 mediated the relationship between DMN TID and
ΔEF, and to determine if FA in DMN-naWM mediated the relationship between CSF Aβ42
and ΔEF. Results showed that both FA in DMN-naWM and CSF tau/Aβ42 mediated the
relationship between DMN TID and ΔEF. A model testing these mediation effects
simultaneously found that the mediation effect of FA in DMN-naWM remained significant (ab
= 0.17 [ 0.039, 0.478]) but the tau/Aβ42 ratio did not (ab = 0.10 [-0.017, 0.333]). Further,
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DMN-naWM mediated the relationship between CSF Aβ42 and ΔEF (ab = 0.22 [0.046,
0.581], c’ = 0.17 [-0.145, 0.491]). None of the alternative models found significant mediation
effects of DMN TID or CSF Aβ42.

Figure 4.5. Supplementary mediation analyses. Preacher and Hayes mediation analyses
found that FA in DMN-naWM mediated the relationships of both DMN TID (A) and CSF Aβ42
(B) with average annual ΔEF. A: A single model including both CSF Tau/Aβ42 and FA in
DMN-naWM was tested after initial models showed that both mediated the DMN TID-EF
relationship. Results of this model show FA in DMN-naWM, but not CSF Tau/Aβ42 mediates
this relationship. A-B: Values are standardized β-estimates. Significant paths are shown as
solid arrows with β-estimates in bold, while non-significant paths are shown as dashed
arrows with β-estimates in italics.

4.4. Discussion
The present study provides evidence for the role of the DMN in predicting both crosssectional and longitudinal measures of EF. Baseline EF was predicted exclusively by DMN
TID magnitude, while ΔEF was predicted by a variety of baseline neuroimaging and AD
pathological markers. Importantly, DMN WM microstructure mediated the relationship
between all other predictors and ΔEF, while neither measures of DMN function or AD
100

pathology mediated the relationship between DMN WM microstructure and ΔEF. Together,
these findings suggest that measures of DMN TID and EF are strongly overlapping at
baseline, but that measures of DMN WM microstructure may represent a valuable marker
for predicting both AD pathology-related and non-AD pathology-related change in EF over a
three-year period.
4.4.1. Baseline EF is predicted by DMN TID
In the present study, DMN TID magnitude was the only predictor of EF at baseline. These
findings are consistent with a growing body of research showing that less DMN TID is
associated with poorer performance during tasks placing high demands on EF in older
adults (29,30,242). However, this is the first study to extend these findings to more broadly
used clinical measures of EF. Together, with previous studies, these results indicate that
DMN TID is an important contributor to EF performance in older adults. This may be due to
higher levels of DMN activity ongoing during the task placing greater demands on executive
control processes (29,242). Therefore, conceptually, individuals must devote greater EF
resources to suppress interference from ongoing DMN processes, thus leaving fewer EF
resources to devote to the task-at-hand.
4.4.2. Longitudinal change in EF is predicted by baseline DMN WM microstructure
Several baseline measures were predictive of longitudinal change in EF over the three-year
follow-up period. However, mediation analyses found that DMN WM microstructure
mediated the relationship between all other baseline measures and ΔEF, while no other
baseline measure mediated the relationship between DMN WM microstructure and ΔEF.
Together these findings indicate that DMN WM microstructure is the most direct predictor of
change in EF over three-year follow-up. These results are consistent with previous studies
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showing that baseline WM microstructure predicts longitudinal change in working memory
(280) and fluid intelligence (281) over a period of years.
Our mediation results provide the first evidence that AD pathology is associated with
change in EF over time only through its relationship with DMN WM microstructure. We found
that both Aβ42 and the tau/Aβ42 ratio had an indirect effect on longitudinal change in EF
through DMN WM microstructure. Aβ42 has been shown to disrupt myelin sheath formation
and is toxic to oligodendrocytes responsible for maintenance and repair of myelin
(200,201,272). Further, abnormal aggregation of tau contributes to microtubule
destabilization due to the loss of normal tau function (202). Finally, tau and Aβ42 interact to
disrupt fast axonal transport (FAT), which in turn contributes to decline in axonal, myelin,
and synaptic integrity (203,260,275). Our results found the strongest relationship between
the tau/Aβ42 ratio and change in EF, which may suggest that the combined effects of tau and
Aβ42 on DMN WM microstructure result in the greatest declines in EF. It may also be the
case that WM microstructure is a surrogate marker for alterations due to tau and Aβ42
pathology occurring elsewhere in the neuron (e.g. at synapses). However, it will only be
possible to assess this possibility once a marker of synaptic structure/integrity matching the
level of sensitivity provided by DTI is developed.
The direct effect of DMN WM microstructure on change in EF suggests that
additional, non-AD pathology-related changes in EF are also predicted by WM
microstructure. Importantly, we used FLAIR imaging to identify and mask out region areas of
WMH in order to study normal appearing WM (Chapter 3). WMHs are ubiquitous in aging
(181) and are thought to primarily reflect areas of severe cerebrovascular pathology
resulting from a breakdown in vascular integrity (182). In contrast, declines in naWM are
thought to reflect subtler declines in the microstructural organization of WM (263). These
change may be the result of age-related declines in synapses (albeit indirectly via axonal
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retraction), axonal loss, or myelin breakdown, all of which would reduce WM microstructure
through loss of membrane density and organizational coherence (46,175,176,271). In
addition, these changes may also reflect distal effects in tracts negatively impacted by
cerebrovascular pathology (263). Therefore, WM microstructure likely provides the best
predictor of ΔEF because it reflects a combination of age-related, AD pathology-related, and
cerebrovascular pathology-related processes that each contribute to poorer EF outcomes
over time.
Alternatively, our mediation results could be interpreted as evidence for independent
effects of DMN WM microstructure on increasing AD pathology and change in EF.
Alternative models (Figure 4.4b) found that DMN WM microstructure had a direct effect on
AD pathology and change in EF, but that AD pathology did not have an effect on change in
EF when accounting for WM microstructure. This interpretation is consistent with the myelin
model of AD (260). According to this model, age-related breakdown in myelin is a triggering
event in the AD pathology cascade. DMN WM primarily consists of late-myelinating tracts,
which are most susceptible to age-related breakdown (46,47). Following myelin breakdown,
repair processes are initiated, a by-product of which are high levels of Aβ42 and tau.
However, repaired myelin is thinner and less compact than the myelin it is replacing
(260,264,265). These poorly myelinated axons result in disruption of signaling processes,
which contribute to poorer cognition (260). Therefore, the final result of this process is lower
WM microstructure, increased AD pathology, and reduced cognition.
4.4.3. Different measures of DMN integrity predict baseline EF and longitudinal change in
EF
The DMN was found to be an important predictor both of baseline EF and ΔEF. However,
baseline EF was exclusively predicted by DMN TID, while DMN WM microstructure was the
most direct predictor of ΔEF. This shift may represent a shift from mechanisms of cognitive
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reserve to those of brain reserve (28). Cognitive reserve refers to altered cognition and/or
functional patterns resulting from life experience that protect against functional
impairment/decline but are not necessarily manifested through measurable structural
alterations in the brain (28,282). These experiences may include education, intellectually
stimulating career and/or leisure activities, and other environmental and personal factors
(e.g. bilingualism). In contrast, brain reserve refers to altered cognition and/or functional
patterns resulting from measurable structural differences in the brain that protect against
functional impairment/decline (282).
DMN TID is partially explained by DMN WM microstructure, however large variability
still exists in levels of TID after accounting for WM microstructure, age, and/or AD pathology
(Chapter 3). This suggests that DMN TID is impacted by variables outside of brain structure,
which may include aspects of cognitive reserve (28). Therefore, DMN TID may incorporate
aspects of brain structure, pathology, and unmeasured reserve variables, thus making it the
best predictor of EF at baseline. In contrast, baseline DMN TID was only marginally
predictive of ΔEF, and this relationship was mediated by DMN WM microstructure. This
suggests that only the elements of DMN TID associated with WM microstructure were
associated with ΔEF. This may indicate that brain reserve variables become more important
compared to cognitive reserve variables in predicting longitudinal trajectory. One possible
explanation for this finding is that cognitive reserve becomes depleted over time, so aspects
of brain reserve become more important (282). Future studies should seek to measures
reserve variables in order to directly assess their influence on DMN TID and EF.
4.4.4. Limitations
The current study has several limitations that must be considered. First, while baseline
measures predicted ΔEF, causality cannot be directly inferred from the present results.
While not yet feasible, future studies should look to assess both EF and measures of DMN
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structure/function and AD pathology longitudinally while performing experimental
manipulations aimed at affecting DMN structure/function and/or AD pathology in order to
better understand causal relationships. Further, as individuals age, the likelihood of mixed
pathologies (Lewy body, vascular, and other) increases. As these pathologies were not
directly assessed in the present study, the potential effects of these pathologies might have
been attributed to AD or aging processes. In addition, the present study had a limited
sample size, and, therefore, may have been underpowered to detect smaller effects on EF
cross-sectionally and longitudinally. Future work should use larger cohorts in order to better
detect subtler effects. In addition, we examine only CN older adults. It is unclear whether
these relationships are maintained in states of mild cognitive impairment and clinical
dementia. Future studies should seek to investigate the role of DMN WM and TID predicting
EF in these later clinical stages. Finally, we treated AD pathology as a continuous variable,
but it is unclear whether the relationship between AD pathology and other measures may be
different above and below certain thresholds. Future studies should be performed with larger
samples and longer durations in order to assess the effects of AD pathology on brain
structure/function and EF both within sub- and supra-threshold groups and across all
participants with adequate follow-up.
4.4.5. Conclusions
The current study provides novel evidence that EF is influenced by DMN structure and
function both cross-sectionally and longitudinally. While more dynamic measures of DMN
TID predicted EF at baseline, DMN WM microstructure was the most direct predictor of ΔEF,
suggesting a potential shift from cognitive reserve to brain reserve. Further, measures of
DMN WM microstructure predicted both AD pathology-related and non-AD pathology-related
changes in EF over a three-year follow-up period. Therefore, DMN WM microstructure may
be a valuable marker of multiple age- and pathology-related changes that influence
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longitudinal EF trajectory. Finally, DMN WM microstructure might serve as a potential
therapeutic target for interventions aimed at preventing longitudinal EF declines resulting
from multiple age and disease processes.
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5. General Discussion
These three studies investigated the role of WM microstructure in diminished DMN TID
associated with aging and presence of AD pathological proteins in cerebrospinal fluid. The
results provide novel evidence of a relationship between lower WM microstructure and less
DMN TID in CN older adults. Further declines in WM microstructure mediated the
relationships of both age and AD pathology with DMN TID. Finally, these results
demonstrate that breakdown in DMN circuitry is negatively associated with cross-sectional
levels of EF and are predictive of longitudinal change in EF in these older adults.
5.1. Less DMN TID is associated with poorer EF: A dysfunctional response
All three experiments provide strong evidence for a relationship between less DMN TID and
worse performance on tests of EF in older adults. In Experiment 1, DMN TID was associated
with task performance specifically during the switching condition of a task-switching
paradigm. Experiment 2 extended these findings to a working memory paradigm, while
Experiment 3 extended these findings to common clinical assessments of EF. These
findings are consistent with previous studies in which DMN TID was associated with poorer
performance on a cognitive control task (29) and a working memory n-back task (30,106).
Together these results provide compelling evidence that lower levels of DMN TID contribute
to poorer performance on tests of EF in older adults, which reflects a dysfunctional response
in the aging brain.
Interestingly, the link between DMN TID and task performance appears to be unique
to tasks of EF in CN older adults. In Experiment 1, DMN TID was not associated with task
performance during the non-switching condition, which was a simple perceptual judgment
task. This is consistent with a previous study which found no relationship between DMN TID
and performance on a perceptual judgment task during either low difficulty or high difficulty
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conditions (105). Further, this lack of relationship occurred despite parametric increases in
DMN TID with increasing difficulty in younger adults that were absent in older adults.
Therefore, greater ongoing activity in the DMN (less TID) places greater demands on EF,
which only results in performance detriments when the externally-directed task also places
significant demands on EF, such that the total demands exceed EF capacity (Figure 5.1). If
the task does not place high demand on EF, failure to deactivate the DMN does not affect
task performance, as EF is able to successfully inhibit these interfering DMN processes.

Figure 5.1. Level of DMN activity and EF demands in younger and older adults. DMN
activity (blue bars), task EF demands (orange bars), and reserve EF resources (green)
during low demand (left) and high demand (right) conditions. Left: Younger and older adults
show similar DMN activity during the low demand condition, which, along with task EF
demands, do not exceed EF capacity. Thus, both exhibit successful DMN function. Right:
During conditions with high EF demand, younger adults show greater TID, and DMN activity,
along with task EF demands, does not exceed EF capacity. In contrast, older adults fail to
further deactivate the DMN. Therefore, total EF demands (DMN + task) are in excess (red
bar) of EF capacity, resulting in poorer task performance. This represents a dysfunctional
response.

Of particular interest, two previous studies have found that reduced DMN TID cooccurs with increased recruitment of regions associated with executive control (29,30). One
potential implication of these co-occurring phenomena is that age-related over-recruitment
of executive regions in the brains of older adults may represent a compensatory response to
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greater ongoing activity in DMN regions (29). Interestingly, older adults frequently show
recruitment of the dorsolateral prefrontal cortex (DLPFC) during tasks with minimal demands
on EF, while younger adults show no such recruitment (96,283,284). This has been labeled
as a compensatory response in studies with minimal demands on EF (19,285,286).
However, studies placing demands on EF have demonstrated that increased activity in
DLPFC is either unrelated to behavior or associated with poorer performance (27,28,287).
If these increases in DLPFC activity are in response to greater DMN activity, then
increased activity during tasks placing low or no demands EF would reflect successful
inhibition of interfering DMN processes. However, during tasks placing high demands on EF,
the limited EF resources in older adults are split between inhibiting interfering DMN
processes and the task-at-hand. Thus, greater activity may be associated with poorer
performance. Over-recruitment of these EF regions may also be further exacerbated by
structural and/or pathological alterations within the FPCN (27,165,288).
5.2. White matter microstructure is a limiting factor of capacity for DMN TID
Experiments 1 and 2 provide substantial evidence that poorer microstructure in WM
pathways connecting DMN regions are negatively associated with DMN TID. Further, results
of Experiment 1 demonstrated that WM microstructure is associated with capacity for TID in
aging. Specifically, lower FA was not associated with DMN TID during a low demand
condition but was associated with less DMN TID during a high demand condition, during
which older adults showed reduced capacity for TID compared to younger adults (Figure
5.1). In addition, microstructure within WM pathways connecting DMN regions was a better
predictor of capacity for TID than microstructure in WM pathways connecting TPN regions to
DMN regions. Similarly, lower FA was associated with less TID during a working memory
task specifically designed to place high demands on EF through the use of multiple target
images and repeated intervening distractors (244,245).
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These findings are consistent with previous studies in task-positive networks, which
have demonstrated that lower WM microstructure is associated with higher BOLD signal in
these regions during the task (27,165,228). Further, longitudinal declines in WM
microstructure are associated with longitudinal increases in BOLD signal in task-positive
regions (216). Along with the present results, these studies suggest that increased BOLD
signal correlated with lower WM microstructure reflects a noisier signaling environment.
Specifically, loss of axons, synapses, and/or myelin might disrupt the coordination of
signaling within networks. This in turn would result in diminished temporal (loss of myelin)
and spatial (loss of axons/synapses) summative processes that aid efficient synaptic
communication. Therefore, greater input is necessary in order to achieve the desired output
(Figure 5.2), which results in higher BOLD signal.
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Figure 5.2. Schematic figure of the impact of WM microstructure on synaptic activity.
A: Diagram of WM with high microstructure (top) and low microstructure (bottom). Gray
cylinders represent myelin, represent axon terminals, represent neurotransmitters, and
represent post-synaptic dendritic spines. In the setting of low WM microstructure
(bottom) decreases in axons and myelin are depicted. The large blue arrows represent the
hypothetical electrode positioning for the recordings shown in panel B. B: Hypothetical
recordings of the post-synaptic neuron in a setting of high microstructure (top) and low
microstructure (bottom). The solid line represents resting potential of the neuron, while the
dashed line represents the threshold for generation of an action potential. Membrane
potential is on the y-axis and time is on the x-axis. In the setting of high WM microstructure
(top), highly coordinated release of neurotransmitters allows for spatial and temporal
summation to efficiently produce the desired response in the post-synaptic neuron.
However, in a setting of low WM microstructure (bottom), axonal and myelin loss disrupt
this system. Decreased myelination results in less coordinated neurotransmitter release and
decreased temporal summation, while loss of axons leads to decreased spatial summation.
As a result, much greater synaptic activity is necessary to achieve the desired response.

While these findings are intuitive in relation to task-related activations, interpretation
is less intuitive in the context of TID. However, TID simply reflects the degree to which
communication between regions can be maintained at a level that does not interfere with the
task-at-hand. Therefore, the same loss of temporal and spatial summative processes would
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require greater input in order to achieve the desired output (whether inhibitory or excitatory).
Within this context, WM microstructure is most closely associated with the minimal level of
synaptic activity at which DMN communication can be carried out (although DMN activity
and WM microstructure may be mildly correlated prior to reaching TID capacity) because
WM microstructure imposes a physical limit, or floor, for DMN activity. Viewed through this
lens, relationships between WM microstructure and BOLD signal in task-activated and taskdeactivated regions likely reflect the same phenomenon and may further explain why these
changes co-exist in aging.
5.3. DMN WM microstructure provides a marker of alterations associated with age and
AD pathology that negatively affect DMN TID and EF
Experiments 2 and 3 provide evidence that DMN WM microstructure is a useful marker that
captures the effects of age and AD pathology on DMN TID and EF. In Experiment 2, DMN
WM microstructure mediated the relationships of age and AD pathology with reductions in
DMN TID that were negatively associated with task performance. Further, results of
Experiment 3 demonstrated that WM microstructure predicts longitudinal declines in EF
associated with AD pathology as well as further declines in EF not predicted by AD
pathology. Together these results suggest that WM microstructure is a valuable marker of
the integrity of DMN circuitry important to EF in older adults.
These findings suggest that age and AD pathology may exert a “double-hit” on DMN
WM microstructure, such that declines in DMN function and EF are influenced both by agerelated and AD pathology-related mechanisms. Determining the specific mechanisms by
which age and AD pathology are negatively associated with DMN WM microstructure is
outside of the scope of this work. However, previous literature offers several potential
mechanisms that may give rise to this association. Age-related changes in DMN WM
microstructure may result from increased breakdown of myelin in aging (175,260). The late112

myelinating tracts that make up a majority of those connecting the DMN are the most
susceptible to myelin breakdown in aging (46,175,176). While myelin repair processes are
maintained throughout life, the new myelin laid down through repair is less compact and
thinner than the myelin it is replacing (265,266). In addition, aging is associated with
disruption of FAT and increased iron levels, toxins, and ROS, all of which contribute to either
axonal breakdown and oligodendrocyte toxicity (260,268–270). Finally, cerebral perfusion
declines in aging, which may result in subtle ischemic injury in WM (267,268). While
significant ischemic events result in WMHs (which had minimal overlap with DMN WM),
subtler, transient periods of hypoperfusion may disrupt microstructure in naWM (263).
In addition to age-related mechanisms, increased AD pathology may also contribute
to declines in WM microstructure. Specifically, increased levels of soluble Aβ species are
found in WM and are associated with significant losses of axons and decreased myelin
content (273,274). Further, Aβ42 is toxic to oligodendrocytes and formation of new myelin
sheaths in vitro (200,272,289). In addition, increased tau may result in microtubule
destabilization (202), while interactions between tau and Aβ42 disrupt FAT (203,275).
Disruption of FAT interferes with myelin repair processes and may lead to synaptic
starvation (260).
As causation cannot be determined by cross-sectional studies, alternative
possibilities must be considered. These results may also be consistent with two alternative
models. First, the myelin model of AD suggests that AD pathology arises as a byproduct of
myelin repair processes (260). As discussed above, DMN WM is particularly susceptible to
myelin breakdown, and, thus, is a site of high levels of myelin repair. According to the myelin
hypothesis, Aβ42 aggregates at the site of myelin repair due to the role of β- and γsecretases in cleaving important myelin repair proteins, which inadvertently leads to the
cleavage of amyloid precursor protein into Aβ42 (260). Further, auto-phosphorylation of
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GSK-3β results in the phosphorylation of myelin basic protein and tau in order to temporarily
disrupt FAT, so as to allow for the accumulation of myelin repair proteins at the site of injury.
Following successful myelin repair, the aggregates of Aβ42 and tau are transported to the
synapse where they are released (260).
Another possibility is that increased Aβ42 results from consistently higher levels of
synaptic metabolism within the DMN. Both in vitro neurophysiology studies and in vivo
studies in rodents have demonstrated that increased synaptic metabolism is associated with
greater release of Aβ42 (276,277,290). Further, the resulting increases in interstitial Aβ42
concentrations promotes plaque formation (277). The DMN is already among the most
metabolically active sites in the human brain during its baseline state (37,291). Failure to
deactivate the DMN, results in consistently higher levels of synaptic metabolism within the
DMN at all times. Further, it is possible that failure to deactivate the DMN during externallydirected cognitive tasks may also apply to other situations during which DMN activity should
be reduced, such as sleep. Therefore, if higher levels of DMN synaptic metabolism persist
during these states that are normally less active, Aβ42 accumulation may accelerate and
result in formation of abnormal plaques.
The mediation results of Experiment 2 indicated that the relationship between Aβ42
and DMN TID are mediated by WM microstructure. Therefore, the aberrant activity
specifically associated with declining WM microstructure could be responsible for the
increased formation of plaques in this framework. This seems plausible as Aβ42 secretion
associated with normal levels of DMN activity may be able to be cleared from the brain,
while excess activity results in a level Aβ42 secretion that could serve to overwhelm these
clearance processes.
It should be noted that AD is associated with hypo-metabolism in DMN regions (147).
However, discrepancies exist between studies investigating the relationship between AD
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and glucose metabolism in DMN regions. Initial studies demonstrated that glucose
metabolism is reduced in individuals at high genetic risk of developing AD due to the
presence of the ApoE ε4 allele (292,293). More recently, some studies have provided
evidence that a hyper-metabolic phase may precede this hypo-metabolic phase (294–297).
The exact timing of this transition is unclear, but one study found that individuals with
subjective memory complaints (believed to be a late, preclinical stage) show
hypometabolism in the DMN compared to those without memory complaints, suggesting a
transition occurs during the preclinical stages (298). Further, it is also likely that measures of
resting glucose metabolism include both aberrant metabolic activity for synaptic processes
associated with lower WM, which was found to be associated with AD pathology in these
studies, and potential decreases in beneficial metabolic activity associated with crucial
biosynthetic and neuroprotective pathways.
While the specific mechanisms leading to the association between WM
microstructure and DMN TID must be addressed in future studies, the present studies
provide evidence that WM microstructure can serve as a useful biomarker for assessing the
alterations in DMN function and EF associated with both age and AD pathology. Regardless
of the specific mechanisms, the present results indicate that age and AD pathology are only
associated with DMN function and EF due to their shared variance with WM microstructure.
Thus, WM microstructure may be a valuable biomarker of the breakdown in DMN circuitry
that is predictive of future decline in EF associated with the combined effects of aging and
pathological processes. These findings also suggest that WM microstructure may serve as a
therapeutic target for pharmaceutical or behavioral interventions, as preserving or improving
WM may help to ameliorate the negative consequences of both aging and pathological
processes on cognition.
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5.4. Limitations
The present work has several limitations, however. First, the cross-sectional nature of
Experiments 1 and 2 prevents the determination of casual relationships. Future studies can
address causality through experimental manipulation of the various measures investigated
in the present study. However, the current state of technology and scientific knowledge
limits these studies to those assessing the causal effects of DMN TID. The use of
transcranial magnetic stimulation (TMS) may allow for investigation of the influence of
reducing DMN activity on EF. However, TMS is limited in spatial extent, and likely could only
be used to reduce activity in DMN hubs, such as the PCC. Levels of Aβ may also be able to
be manipulated. Several Phase II trials have demonstrated that Aβ42 immunotherapies are
able to clear plaques from the brain (299,300). However, Phase III trials have had more
limited success in clearance of plaques and failed to produce improvements in cognition
(301). If the efficacy of these drugs at clearing Aβ42 can be improved and adverse effects
decreased, then they may provide a research tool for investigating the effects of lowering
Aβ42 on DMN WM, TID, and cognition in CN older adults.
Further, the current studies included groups of younger (<40 years old) and older
adults (primarily >60 years old). While comparing age groups is beneficial for assessing
group differences, the lack of middle-aged adults prevents strong conclusions related to
linearity of declines through the adult lifespan. Previous studies have suggested that DMN
TID and WM microstructure occur linearly across the adult lifespan (48,96), but it is unclear
if these measures are linearly related to each other throughout the adult lifespan. Future
studies should seek to include middle-aged adults in order to better assess the trajectory of
this relationship across adulthood. These studies would also be aided by considering
dementia risk factors, including those associated with AD (i.e. ApoE ε4) and CVD (i.e.
diabetes).
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In addition to middle-aged adults, the present studies did not include those with
either MCI or dementia. Therefore, the effects of the age and AD pathology on WM
microstructure or those of WM microstructure on DMN function in these later disease stages
cannot be determined from these studies. Previous studies have demonstrated that DMN
WM microstructure and TID continue to decline across the disease spectrum
(94,98,193,231). In contrast, Aβ42 pathology plateaus during early disease stages, while tau
continues to accumulate until more advanced stages (302). Therefore, it is likely that the
relationships between these variables may differ in MCI and dementia. Further, it is possible
that CVD pathology may play a more important role in these later stages. As over 50% of
individuals with MCI have significant levels of both AD pathology and other pathologies
(primarily CVD) on autopsy (303), vascular processes may be contributing to TID changes
as well. Future work should investigate how these relationships might change from states of
normal cognition to MCI to dementia, as well as assess the potential role of CVD pathology
in these later disease stages.
5.5. A Testable Framework for Future Studies of the DMN in Aging
Despite these limitations, the present study, along with the current literature, allow for the
development of a testable model of how WM microstructure may play a pivotal role in the
increasingly dysfunctional response within the DMN in aging and AD (and potentially other
pathologies). Many of the mechanisms discussed in this model have been described in the
sections above (see 5.3) and will only be briefly re-stated. This model, depicted in Figures
5.3 and 5.4, will be described in the following paragraphs:
1) Age-related decline in WM microstructure (see 5.3):
Declines in WM microstructure begin shortly after maturation of the brain’s WM in the
3rd-4th decades of life (48). The combined effects of myelin breakdown, hypo-perfusion,
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increased inflammation, iron accumulation, exposure to toxins, and disruption of FAT
contribute to decreased density of axons, myelin, and/or synapses. These age-related
changes likely represent the earliest alterations in WM microstructure in the DMN.
2) Higher floor for minimal DMN activity (see 5.2):
Lower WM microstructure serves as a limiting factor for TID capacity within the DMN.
Decreased spatial and temporal summative processes result in higher levels of input in
order to maintain the desired level of output (and thus communication within the DMN). This
results in an overall greater level of activity ongoing in the DMN during tasks. The
consequences of decreased TID are:
2a) Increased demand on EF processes (see 5.1):
Increased levels of DMN processes interfere with processes needed to
respond to the external environment. EF allows for these processes to be inhibited,
but limits the amount of EF resources that can be utilized to address external
demands. This may also contribute to over-recruitment of executive control networks
in older adults.
2b) Increased demands on oxidative phosphorylation (see 1.5):
Higher levels of ongoing DMN activity place consistently greater demands on
synaptic mitochondria to facilitate neurotransmitter release through oxidative
metabolism of glucose. Excessive demands on oxidative respiration can lead to
increased development of free radicals, which could damage mitochondria and/or
surrounding structures (115).
2c) Greater demands on aerobic glycolysis (AG) for synaptic processes (see 1.5):
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Similarly, higher levels of DMN activity place greater demands on glial AG in
order to facilitate neurotransmitter recycling. This higher level of AG, along with
greater neuronal oxidative phosphorylation, contribute to the lack of decrease in
BOLD signal observed in older adults.
2d) Increased Aβ42 plaque formation (see 5.3):
The increase in DMN synaptic activity associated with lower WM
microstructure may lead to increased Aβ42 release at synapses. Based on mediation
results, aberrant increases in DMN activity associated with lower WM microstructure,
rather than DMN activity as a whole, contribute to accumulation of Aβ42 plaques.
3) AD pathology-related decline in WM microstructure (see 5.3):
Aβ42 may accumulate as a result of increased DMN activity as described above, as a
result of myelin breakdown and repair, or other unknown mechanisms. Further, tau
pathology may result from the breakdown of microtubules, myelin repair processes,
neurodegeneration, or other unknown mechanisms. Once pathology accumulates, it may
exert a negative effect on WM microstructure (even in the case of the myelin model, in which
AD pathology is a by-product of reduced WM microstructure). This may occur through
oligodendrocyte toxicity, inhibition of myelin sheath formation, impairment of synaptic
communication, and/or disruption of FAT.
4) Increased oxidative stress and neurodegeneration
Increased demands on mitochondrial activity may create a pro-inflammatory
environment in the DMN, especially in older adults where mitochondrial function may
already be impaired (113,114). Further, increased levels of AG dedicated to synaptic
metabolism may diminish the neuroprotective AG pathways that produce important
molecules for ROS-scavenging , NADPH (119,123). Greater levels of ROS could in turn lead
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to mitochondrial damage and synaptic loss (116). In addition, consistently higher demands
on mitochondrial activity could also alter the neuronal redox environment resulting in the
opening of non-specific Ca++ mitochondrial pores and mitochondrial swelling and bursting
(115,117). Mitochondrial bursting results in the release of cytochrome c in the cytosol
leading to increased activation of apoptotic pathways (115,117).
5) Cascade of breakdown in DMN WM, loss of TID, increased AD pathology, and
neurodegeneration:
These changes result in a positive feedback loop, in which initial declines in WM
microstructure contribute to reduced TID and increased AD pathology, which in turn results
in further declines in WM microstructure (and so on). Further, increases in inflammatory and
apoptotic pathways could result in significant synaptic and neuronal loss, which is commonly
observed in the DMN during later disease stages (147).
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Figure 5.3. Model of the increasingly dysfunctional response in the DMN in aging and
AD. This potential model is based on the results of the present studies and current literature.
For a detailed description of the model, see the section 5.5. Briefly, age-related declines in
WM microstructure contribute to a higher floor in DMN activity. This results in increased
demands on mitochondrial activity, increased AG dedicated to synaptic processes, less TID,
and increased deposition of Aβ42 plaques. Decreases in DMN TID result in declines in EF
and potentially to increased recruitment of the executive control network. Increases in
mitochondrial demands contribute to greater oxidative stress, which in turn increases
neurodegeneration. Increased Aβ42 deposition further damages WM microstructure, as does
neurodegeneration. This cycle continues over time as a positive feedback loop. Two-way
arrows represent the possible contribution of WM microstructure declines to increased Aβ42
and tau pathology.

6) Disconnection of the DMN
The end consequence of this feedback loop is disconnection of the DMN. Individuals
with AD have significantly reduced structural connectivity compared to healthy older adults
(193). This structural disconnection could underlie the significant reductions in DMN rsC and
loss of TID observed in AD (94,304,305). Disconnection would also result in significant
neurodegeneration, which, along with lack of DMN functional integrity, may contribute to
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DMN hypometabolism observed in AD (147,306). Finally, DMN processes such as
autobiographical memory and concept of self may be diminished or lost during dementia.

Figure 5.4. Model of later-stage DMN structural disconnection. Over time, the positive
feedback loop shown in Figure 5.3 gives rise to structural disconnection of the DMN. Loss of
structural connectivity may be responsible for decreased rsC, loss of TID, hypometabolism,
and neurodegeneration. As the DMN becomes extensively damaged, DMN processes, such
as autobiographical memory and self-maintenance, may be diminished or lost.

5.6. Testing the model
In order to test this preliminary model, future studies must utilize large populations with
longitudinal designs. Large sample sizes provide greater power for simultaneously
assessing the effects of multiple age-related and pathology-related variables on DMN WM,
TID, and EF using multivariate methods. Further, longitudinal designs would aid in
determining the temporal ordering of these changes. Importantly, the study population would
need to span a significant age-range in order to allow for the inclusion of individuals who are
just beginning to develop age-related declines in DMN WM as well as those in clinical
stages of MCI and dementia. In addition, tasks that both activate and deactivate the DMN
should be used in order to determine whether the same mechanisms underlie increased
activity in the DMN during activation and deactivation. The collection of additional
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neuroimaging measures, such as glucose metabolism, CBF, and oxygen utilization, would
be beneficial in order to better understand the metabolic changes occurring within the DMN
in older adults. In addition, post-mortem analysis of brain pathology and microscopic
alterations in axonal, myelin, and synaptic morphology should be compared with in vivo
measures of pathology and WM microstructure in order to better understand the specific
changes captured by these in vivo markers. Finally, neuroimaging studies assess brain
structure and function at a high level, and collaborations with those performing cellular and
molecular studies will be necessary in order to better understand the mechanisms
underlying changes observed through neuroimaging.
5.7. Conclusions
Diminished capacity for DMN TID contributes to poorer EF in older adults, which reflects a
dysfunction response in the aging brain. Both aging and AD pathology contribute to
diminished DMN TID in CN older adults. Despite representing independent processes, aging
and AD pathology influence DMN function through a common pathway of declining WM
microstructure. As a result, WM microstructure provides a valuable marker of both the agerelated and AD pathology-related processes contributing to an important breakdown in DMN
circuitry that predicts poorer EF in both cross-sectional and longitudinal analyses. These
findings indicate that WM microstructure is both a useful biomarker for future research and a
potential therapeutic target for future interventions aimed at preventing the negative effects
of both age and AD pathology on EF.
In addition, the present results, along with the current literature, allow for the
generation of a testable model of the dysfunctional response in the DMN in aging and AD.
Future studies will be necessary to test the validity of this model, as many casual pathways
and specific mechanisms are yet to be determined. Testing this model will require large
samples and longitudinal designs, as well as a multidisciplinary approach that spans clinical
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and basic researchers examining changes ranging from the network to molecular level.
Finally, these studies demonstrate the importance of a wide-angled lens when seeking to
understand the aging brain. Focusing solely on a single disease process or “normal aging”
almost certainly misses important contributions from other processes. Therefore, a more
holistic view of brain aging and disease processes and implementation of multivariate
models will help to better elucidate the mechanisms contributing to cognitive decline in older
adults.
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Appendix
The following plots included in the appendix are additional data from Experiment 2. All
methods and statistics used for these plots are described in Chapter 3 (3.1-3.4).

Relationships between Age, FA in DMN-naWM, and DMN TID. A-B: DMN TID magnitude
plotted against age (A) and FA in DMN-naWM (B) across all participants. C: FA in DMNnaWM plotted against age. A-C: All values are standardized residuals after controlling for
age, sex, and education. The thick dashed line is the linear best-fit, and thin dashed lines
are the 95% confidence interval for the predicted response. R- and p-values are for the line
of best-fit.
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Relationships of AD pathology, CVD pathology, and FA in DMN-naWM with DMN TID.
DMN TID magnitude is plotted against CSF Aβ42 (A), CSF Tau/Aβ42 ratio (B), FA in DMNnaWM (C), and DMN WMH volume (D). CSF values and WMH volumes were logtransformed prior to analysis. All values are standardized residuals after controlling for age,
sex, and education. Thick dashed lines are the linear best-fit, and thin dashed lines are the
95% confidence interval for the predicted response. R- and p-values are for the line of bestfit.
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Relationship of CVD pathology and AD pathology with FA in DMN WM. A-B: FA in all
DMN-WM (A) and FA in DMN-naWM (B) plotted against DMN WMH volume. There was a
significant relationship between WMH volume and all WM but not with naWM. C-D: FA in
DMN-naWM plotted against CSF Aβ42 (C) and CSF Tau/Aβ42 ratio (D). A-D: WMH volumes
and CSF concentrations were log-transformed prior to analyses. All values are standardized
residuals after controlling for age, sex, and education. Thick dashed lines are the linear
best-fit, and thin dashed lines are the 95% confidence interval for the predicted response. Rand p-values are for the linear best-fit.
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Relationship between AD and CVD pathology. DMN WMH volume plotted against CSF
Aβ42 (A) and CSF Tau/Aβ42 ratio (B). AD and CVD pathology were not correlated in this CN
sample. All values were log-transformed prior to analyses and are standardized residuals
after regressing out age, sex, and education. The thick dashed lines are the linear best-fits,
and the thin dashed lines are the 95% confidence intervals for the predicted response. Rand p-values are for the linear best-fit.
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